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Anizotropno trenje ima ključno vlogo pri procesu preoblikovanja polizdelkov iz ogljiko-
vih vlaken. Ta kompleksni pojav otežuje načrtovanje preoblikovalnih orodij in določanje
procesnih parametrov. Pri tem si lahko pomagamo s pomočjo numeričnih simulacij na
osnovi metode končnih elementov. Da bi natančno napovedali proces preoblikovanja
je v simulacijo kontakta med posameznimi plastmi ogljikovih vlaken potrebno vključiti
model anizotopnega trenja.
V magistrskem delu sta predstavljena dva postopka simuliranja anizotropnega trenja
z metodo končnih elementov v programskem okolju Abaqus. Prvi od modelov (M1)
je standardno vključen v Abaqus okolje in ponuja eliptično razporeditev tornih sil
glede na smer gibanja in usmeritev ploskev. Drugi model (M2) je del uporabnǐskega
podprograma, ki je bil razvit v sodelovanju z razvijalci programa Abaqus in uporablja
eksperimentalno določene vrednosti koeficientov trenja, ki jih uporabnik določi v obliki
diskretnih vrednosti relativnih usmerjenosti ploskev v kontaktu.
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Da bi zagotovili pravilno delovanje simulacij je potrebno validirati osnovne modele, ki
v simulacijah popisujejo kontakt dveh teles. V ta namen so simulacije v okviru magi-
strskega dela izvedene na preprostih geometrijah togih teles v obliki ravnih ploskev, ki
ne vključujejo materialnih lastnosti. Na ta način zagotovimo opazovanje le kontaktnih
modelov brez učinkov mehanskih modelov materiala.
Prve simulacije vključujejo le obremenitve v smeri normal ploskev, brez relativnih
premikov med ploskvama. Pri teh simulacijah smo opazili napačno razporeditev kon-
taktnega tlaka, ki se pojavlja pri določenih nastavitvah kontaktnega algoritma. Ker
so torne sile neposredno povezane s tlakom na kontaktni površini smo v naslednjem
svežnju simulacij ocenjevali vpliv napačne tlačne porazdelitve na ravnovesje sil in mo-
mentov v telesih. Opazili smo, da pri določenih nastavitvah prihaja do pojava vrtilnih
momentov, ki niso v skladu s teorijo anizotropije trenja ter eksperimentalnimi rezul-
tati. Na podlagi prvih simulacij smo izluščili najbolj primerne nastavitve za simulacijo
trenja med dvema ploskvama.
Z nadaljnimi simulacijami smo testirali delovanje modela M1 in ocenili zmožnost da
popǐse anizotropne lastnosti polizdelkov iz ogljikovih vlaken. V ta nemen smo rezultate
iz numeričnih simulacij smo primerjali z rezulati eksperimentov trenja med posame-
znimi plastmi ogljikovih vlaken. Ugotovili smo, da standardni model M1, ki predvideva
eliptično porazdelitev tornih sil ne zadošča za modeliranje omenjenih lastnosti zaradi
monotonosti eliptične funkcije.
Vzporedno smo predstavili zasnovo uporabnǐskega podprograma (M2) in testirali nje-
gove osnovne funkcije. Ugotovili smo, da v trenutni obliki uporabnǐski podprogram
omogoča natančno simuliranje tornih sil za kombinacije usmeritev materiala in smeri
gibanja za katere lahko neposredno določimo koeficiente trenja. Za simuliranje celo-
tnega spektra kombinacij, kjer je potrebna interpolacija med posameznimi vrednostmi
koeficientov, pa so potrebna nadaljna testiranja in razvoj algoritma.
Rezultat magistrske naloge je uporabnǐski podprogram, ki predstavlja osnovo za na-
daljni razvoj ter omogoča razširitev modela anizotropnega trenja z drugimi parametri
v postopku preoblikovanja ogljikovih vlaken kot so na primer temperaturna odvisnost,
viskozne in kohezivne lastnosti veziva in hitrost preoblikovanja. Za validiranje takšnega






Anisotropic friction simulation of dry carbon fibre preforms








Forming of complex carbon fibre preforms predominantely depends on the effects of ani-
sotropic friction. Simulation of the forming process using finite elements method ena-
bles succesfull definition of manufacturing proces parameters. Two simulation appro-
aches of anisotropic friction in Abaqus software are presented in the thesis including
testing of basic contact interaction models. An existing anisotropic model does not
suffice for carbon fibre preforming simulations. Outline and functioning of a user su-
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Carbon fibre composites are increasingly gaining on importance. Production and im-
plementation of carbon fibres has been rising constantly in the past years. For now, the
greatest share of carbon fibres is processed and implemented by the aviation industry
where the exquisite strength to weight ratios of CFRP structures have already become
indispensable. Due to regulations on carbon emissions and fuel consumption, the au-
tomotive industry is also implementing modern and lightweight materials to reduce
vehicle weight. New carbon fibre manufacturers are entering the market and the costs
of raw carbon fibres are falling. From these aspects, the implementation of carbon fi-
bres in automotive industry is projected to increase thus rising the demand for carbon
fibres significantly as shown in figure 1.1 from the anual carbon fibre market report of
the Carbon Composite engineering cluster. [1, 2]
Figure 1.1: Global CFRP demand in 1,000 tonnes 2010-2022 (*estimates) [1]
The material costs of raw carbon fibres are not the only problem of carbon fibre ma-
nufacturing process. The level of automation in production of carbon fibre parts is
still comparably low, thus hindering mass production. The reasons for low automation
levels can be found in problematic handling of carbon fibre input material and product
specific manufacturing procedures that often require years of costly research. Most
of the automated procedures at this point are using expensive input materials such
as prepregs and carbon fibre fabrics in order to simplify the material handling and
manufacturing procedures. However the effort of raw carbon fibre preparation to form
complex input materials increases the material costs significantly.
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One of the ways to enable a high volume production of carbon fibre parts at lower
costs is to avoid complex and expensive material preparation. Mastering the use of raw
carbon fibre material in an automated production process takes on a field of research,
that has been addressed only vaguely in the past. Special manufacturing techniques
have to be developed to deal with material handling and forming. The behaviour of
raw carbon fibres for all of the manufacturing steps has to be researched in order to
effectively control the manufacturing process.
Research groups under the Carbon Composite cluster based in Augsburg [2] are dealing
with various engineering problems to drive the progress in carbon fibre technology.
One of the projects overseen by the cluster is called MAIForm and is dealing with
simulations of carbon fibre forming processes in high-volume automotive applications.
The main goal is to increase predictability of the manufacturing process. As one of the
project partners, Voith Composites GmbH (VOC) are contributing to the project with
experimental and simulation research.
A highly automated production process based on the resin transfer moulding (RTM)
procedure has been developed by Voith Composites GmbH (VOC) to reduce manu-
facturing costs of thin-walled, free-surface carbon composite structures. An important
part of manufacturing technique is the process of preforming, where stacks of raw car-
bon fibre tapes are formed in preforming tools under pressure and heat loads to form 3D
structures called preforms. Due to potentially high deformation ratios of the material
during this process, the effects of friction between fibre layers can play an important
role in deformation and positioning of fibre layers thus influencing performance of the
manufactured composite structure.
The geometrical and mechanical material characteristics of carbon fibres lead to ani-
sotropic friction behaviour between material layers during the process of preforming.
The anisotropic frictional behaviour has been observed and measured during the deve-
lopment of manufacturing process. Anisotropy in friction has been determined to have
non-negligible effects on the preforming process. [3]
Using finite element simulation methods, the preforming process can be predicted in
advance to enable successful construction of moulding tools, definition of process para-
meters and optimisation of manufactured part performance. The effects of anisotropy
in friction however, have not yet been implemented in the simulation process thus
leaving out an important variable in the preforming simulations.
In this thesis, the validation of a finite element simulation method for anisotropic
friction during the process of carbon fibre preforming is attempted. The FEM method
is an explicit dynamic analysis integrated into a commercial FEM solver (Abaqus)
to ensure general availability of the method and to comply with VOC needs. The
experimental data for the validation purposes is taken from publications and thesis
of VOC colleagues that have developed the experimental set-up and have run the
experiments in VOC laboratory.
The thesis is dealing with simulation models in a very early stage of development and
therefore excludes many variables in order to evaluate and examine only the effects of
the contact interaction models. For that reason, the simulations are only carried out
for simplified planar contact interactions without constitutive material effects.
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In figure 1.2 the thesis‘ structure is depicted to offer an overview of the thesis. Practical
part of the thesis is divided into three main parts. To assure proper model functionality,
the basic functions of contact simulation in Abaqus are tested and verified. Two
different approaches are used to model distribution of anisotropic friction effects. Each
of the approaches has its specific advantages that come from the definition of friction
anisotropy distribution.
Figure 1.2: Thesis structure
An already existing anisotropic friction model (M1) integrated in the Abaqus 2017
software edition is tested and validated for the purpose of preforming simulations. The
anisotropic model M1 predicts an elliptical distribution of friction forces and only re-
quires two material parameters to fulfil the distribution function. If the distribution
model proves itself accurate enough to model anisotropic friction effects during prefor-
ming, the experimental effort for determining anisotropic friction characteristics could
be drastically reduced.
In a parallel simulation study, a friction model implemented in a user subroutine (M2)
that has been developed and tested in collaboration with Simulia developers is eva-
luated and validated. The user subroutine requires experimentally determined values
of friction coefficient which can be directly implemented in the subroutine interface.
The direct inclusion of experimental values enables a very precise definition of the
anisotropic friction behaviour of a particular material set.
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The motivation behind this research is to offer improved simulations of the carbon
fibre preforming process. Simulations with enhanced capabilities would enable FEM
calculations for geometries of greater complexity and higher deformation ratios where
the effect of friction anisotropy is too high to be neglected. The reason for testing
multiple modelling approaches is to offer a broad spectrum of possibilities to fully define




The theoretical part of the thesis is divided into three sections, each of them covering a
separate topic and forming a solid foundation for the practical part of the thesis. Some
of the facts and theories are briefly explained to ensure a general understanding of the
engineering problem. Interesting and relevant studies are mentioned and commented
while offering literature review. Parts of the theoretical background, that are directly
implemented in the simulations later on are described in detail with equations and
figures.
At first, a short presentation of composite materials is made. The steps of RTM
manufacturing process are described in order to explain the context of the research
topic. Frictional behaviour of carbon composites including literature review on the
topic is included in the first section as well.
In second part, the general theory of dry friction and the evolution of friction laws
are presented. Different notations of friction loads are mentioned. The validity of
the general friction theory is critically examined and the need for model expansion is
discussed and justified. A separate section is dedicated to theoretical descriptions of
anisotropic friction. The basic rules of anisotropic friction are discussed and the most
important theories are presented.
Simulations of contact interactions in Abaqus is the topic of the third section in theo-
retical background. Some general characteristics of contact interaction algorithms are
presented and different modelling techniques are mentioned. The anisotropic friction
models are described in detail as they form a vital part of the FEM simulations in the
practical part of the thesis. The models are presented through equations and visual
representation of the distribution function is offered.
2.1. Carbon composite materials
Fibre-reinforced composite materials benefit from the synergy of fibre and matrix com-
ponents to form high-strength yet low-weight structures. The fibres are embedded into
the matrix while retaining a distinct interface between both of the materials. In this
way, both of constituents preserve their physical and chemical characteristics while
creating a composite structure with enhanced mechanical properties that each of the
components would be unable to provide on their own. [5]
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Fibres are available in different materials and geometric forms. Depending on the
engineering application, the fibre material is chosen considering material density, tensile
and compressive strength and modulus, electrical and thermal conductivity, chemical
resistance and material costs. The main advantage of carbon fibres compared to other
fibre reinforcements such as glass or aramid fibres are excellent strength-to-weight ratio
and tensile modulus. Some other advantages are low thermal expansion coefficient and
high thermal conductivity. Low strain-to-failure and low impact resistance are the
drawbacks, however the main disadvantage that restricts the use of carbon fibres in
wide-range engineering applications is their cost. [5]
As with the fibres, various materials for the matrix component can be used. In the
scope of this thesis, we will deal with the polymeric matrix materials and leave the
ceramic and metal matrix materials aside. A further distinction in the polymeric
materials is the difference between the thermoplastic and thermoset materials. While
the thermoset materials such as polyester, vinyl and epoxy resins are the traditional
choice for matrix material, the thermoplastic materials have also been increasingly
researched and considered for the CFRP manufacturing due to their advantages in
recycling, post-formability and better impact resistance. [5]
2.1.1. Manufacturing technology - resin transfer moulding
Manufacturing of CFRP materials is the process of joining carbon fibre reinforce-
ments and matrix material into a structural form that results in a composite part
with product-specific mechanical properties. Many manufacturing technologies have
been developed over the years and most of them are suitable for a variety of material
and matrix combinations. Each of the production processes has its own characteristics,
advantages and drawbacks. Regardless of the process however, some key aspects are
crucial to ensure a quality structure of the product [6]:
– bonding between matrix and fibres
– exact and appropriate fibre orientation
– optimal amount of fibre volume fraction
– uniform distribution of fibres within the matrix material
– proper resin curing procedure
– limited amount of voids and defects
– geometrical and dimensional compliance with tolerance fields
The manufacturing of carbon fibre parts is a broad topic which can be addressed on
many levels. In the scope of this thesis we will describe the production steps relevant to
the developing simulation method. Others will only be mentioned in order to preserve
the chronological order of manufacturing process and to offer broader view of the
engineering problem.
Term liquid transfer moulding encompasses a variety of processes, all of which have
some convincing advantages and are seen as technology with greatest potential for
enabling high volume production of composite structures. Common feature to all
of them is a faster curing procedure and elimination of expensive prepreg materials
(compared to autoclave process). The basic concept of these methods presented in
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figure 2.1 is to insert a preformed layup of carbon fibres into a mould tool and continuing
with resin infusion and temperature curing in just one processing step. The process
of preforming is an important topic and will be described in detail below. The resin
used in these procedures is much more reactive than the one used for prepregs thus
enabling fast consolidation of the composite. The whole curing process can be carried
out in a matter of seconds at some applications or a couple of minutes at others. This
advantage of fast curing times is crucial for high production volume applications. The
following procedures all base on the same technology, but have some distinct differences
that should be briefly mentioned:
Figure 2.1: Liquid transfer moulding concept [6]
HP-RTM - High pressure resin transfer moulding
A preform is placed into mould cavity and injected with fast curing resin. The difference
to RTM is the resin reactivity and its mixture procedure. Mixing heads with pressures
up to 200 bars are used to mix the resin components. A schematic presentation of the
mixing process is offered in figure 2.2. The pressure potential is transformed into high
velocities generating turbulences that ensure proper mixing. Speciality of this process
are high reaction rates that can shorten the curing process to times under a minute.
Because of that, the pressure applied for injection has to be very high to ensure a
proper filling of the cavity before resin viscosity becomes too high. Due to the high
pressure enormous closing forces have to be applied on the tool and special hydraulic
presses have to be used.
RTM - Resin transfer moulding
RTM procedure has been used in the industry for years. The principle of resin injection
is done by prior mixing the resin components that are heat-activated and injected into
the mould. The curing in the pre-heated mould then lasts for a couple of minutes before
removing the part. A variation of RTM procedure is also used at VOITH Composites,
that is why more attention will be addressed to it.
VARTM - Vacuum assisted resin transfer moulding
For VARTM one of the tool halves is replaced by a vacuum membrane. The vacuum
enables the pressure difference to ensure the flow of injected resin. The costs for tooling
at VARTM are lower, however direct control of structural parameters is eliminated.
Possibility of voids increases as well.
7
THEORETICAL BACKGROUND
Figure 2.2: HP-RTM resin mixing principle [6]
SCRIPM - Seaman composite resin infusion moulding process
As depicted in figure 2.3, this patented procedure uses a porous membrane, inserted
between the vacuum bag and the laminate. In this way the resin flow is no longer
limited to in-plane dimensions of the layup where it is obstructed with compacted
fibres. The resin flows through the layup in the normal-plane direction. Advantages of
this process are lower pressure difference needed and the possibility to infuse structures
with dimensions up to several 10 meters e.g. infusion of vessel hulls and large wind
turbine blades. Void amount and low-quality surface on the side of vacuum bag are
disadvantages of the process.
Figure 2.3: SCRIMP procedure [6]
RFIM - Resin film infusion moulding
In this process the liquid resin is replaced with thin films of solid resin material that
are laid on the bottom of the mould or between the layers. When temperature and
pressure are applied, the resin melts, permeates through the plies and consolidates
forming a composite structure.
8
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As already mentioned these techniques can have very slight differences and sometimes
the line between some of the procedures is not very well defined. The basic process is
therefore common to all of these techniques and is explained on the example of HP-RTM
as shown in Figure 2.5. The process of RTM is explained with general characteristics,
while including some special engineering solutions implemented by VOC.
Fibre layup
First the fibre reinforcements have to be cut and stacked in the product-specific layup.
Fibres can be in form of raw, dry carbon fibre spools, textiles (NCF or UD textiles) or
tapes. The laying of reinforcements is mostly an automated procedure to ensure precise
laying position and orientation. If needed, the fibres are influenced by an adhesive
agent called binder that is consolidated during the preforming process and enables
structural stability of a preform for handling purposes. The binder can be applied
as a powder or as liquid sprayed on the fibres and does not necessary have to be of
the exact same material as the resin used in moulding process afterwards. Since the
fibres are not preprocessed, they are not intertwined or bonded in any way. Handling
the layup of unconsolidated fibres is a difficult task to automate, due to almost non-
existent structural stability. For insertion of the fibre layup into the preforming mould
high-end robotic solutions have to be developed. At VOC a patented fibre placement
module called Voith Roving Applicator (VRA) has been developed. VRA produces
endless binder influenced tapes directly out of CF spools with the help of spreading
procedure. These tapes are automatically cut and laid onto a stacking table which
is then transported to the subsequent station by carrier trolleys. Another patented
fibre placement module is called Voith Long-fibre preform (VLP), which includes a
fibre placing head for use on a industrial 5-axis robot. This process enables to produce
carbon fibre material layups with distributed fibre orientation by overlapping small
patches of carbon fibre tapes.
Preforming
Preforming is a complex procedure that pre-forms and pre-consolidates the carbon
fibres into a structure stable enough to withstand handling before inserted into the
moulding tool. The surface of 2D layup is a bit oversized to ensure clamping space
needed to hold the fibres in place during preforming. Nevertheless, wrinkling and
folding of fibres can occur leading to non-uniform fibre distribution and influencing
mechanical properties of finished part. Correspondingly to the 2D layup size, the 3D
preform is oversized as well and needs to be cut before being inserted into the moulding
tool.
An important aspect of the preforming process is compaction of the fibre layup which
modifies the fibre volume fraction in the layup. Compaction behaviour depends a lot
on the form of reinforcements used but the main properties are applicable for all of
them and include non-linear compaction stiffness and a limit value of compaction ratio.
The local increase of contact pressure beyond this limit can lead to tool deformation
or even severe damage. High compaction stiffness is especially problematic when the
layup thickness is not uniform for example when intentional thickness steps in laminate
structure are planned. In this case even a slight error in fibre placement can yield
excessive compaction ratios and contact pressures. [7]
Preforming enables simple solution for layup handling and reduces production time by
limiting the task of the moulding process on infusion and curing only, without the need
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for fibre placement control. On the other hand excessive compaction ratios caused by
preforming can lower permeability of the preform thus preventing high resin flow rates
during resin infusion. This leads to increased infusion pressures and extended curing
times to prevent premature resin geling. In order to achieve structural stability after
preforming, the binder agent is consolidated during the preforming process under in-
fluence of pressure and temperature. The presence of binder also has negative effects
on the preform permeability. A compromise between the preform stability and per-
meability as well as lowering the binder amount is necessary for a quality product. In
case of fabric-like input materials the fibre yarns can be stitched together to increase
stability and lower the amount of binder used.
Resin infusion
At this point in the production, the fibres have been preformed, compacted and are
being held together with cured binder. The next step in RTM process is inserting the
preform into the mould and infusing resin into the mould cavity. During this process,
some objectives have to be met. The resin has to wet the fibres thoroughly, the mould
has to be fully filled, dry spots and voids have to be avoided and the fibres are not
allowed to be displaced or change orientation. All of these aspects are influenced by
some interactive key variables the most important of them being preform permeability
and resin viscosity.
Permeability is the property that defines the fluid flow through a porous material. In
our case the permeability is the ability of the resin to flow through the preform. It is
a complex phenomenon that is influenced by many parameters including fibre volume
fraction, preform thickness, temperature, fibre orientation, stacking sequence and even
history of preform compression. One of the main challenges of permeability is to assure
a proper wetting of fibres on both macro and micro scale. The two different scale levels
come from two main flow channels inside the preform. Bigger channels are formed
between the fibre tows in the preform and the smaller ones are embedded into the
structure of the tow itself. Each of the scale sizes can be associated with a specific
flow mechanism. Inter-tow flow is pressure induced and the intra-tow flow is a result of
capillary effects. At high pressure gradients the inter-tow flow speed is too fast to let
the capillary effect to take place completely, leading to different speeds of flow fronts
thus creating voids. The flow fronts are schematically presented in figure 2.4. Ideal
pressure conditions are achieved when the flow front on both scales is advancing with
the same rate.
Void content is a very important quality measure of a composite structure and is one
of the most important aspects of impregnation phase. Preforms have a certain amount
of air caught in their structure. It is crucial to define process parameters which allow
the air to escape during infusion. Vacuum assisted processes will remove the air out of
the mould cavity already before the infusion starts thus removing the amount of voids
significantly. This advantage is only provided when the tool components including
seals, inlets and outlets are completely vacuum tight otherwise an opposite effect is
achieved by sucking air into the mould creating high void content laminates.
When the injection and ventilation connections are positioned improperly, larger resin-
free areas named dry spots can appear. Sometimes these problem areas can be solved by
longer infusion times, otherwise new inlet and outlet positions or even the whole moulds
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Figure 2.4: Flow fronts of macro and micro scale at high pressure gradients [6]
have to be constructed. FEM simulations can predict the resin infusion processes o
avoid these high-cost mistakes.
Another aspect that needs to be considered is the problematic of fibre washing. At
very high injection velocities or very high pressure gradients the fibres can deform
significantly thus changing the optimal fibre orientations and deteriorating mechanical
properties of the finished composite structures. Higher compaction ratios (fibre volume
fractures) help at preventing this effect but on the other hand influence the permeability
of the preform as already mentioned above.
Figure 2.5: A scheme of RTM production process [8]
Curing
The resin curing has to be slow or even inhibited during the infusion process. A sa-
fety factor is added to the infusion time to assure that the resin does not gel during
impregnation. After the mould filling is done, the reaction should accelerate and cure
completely in a short time period. The velocity of the curing process has to be li-
mited however to avoid formation of residual stress that leads to geometry warping.
A thermodynamic aspect of heat transfer during this exothermic reaction has to be
considered as well. A way to speed up the process is curing the products to a point
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at which the stability is suitable for the withdrawal from the mould and then placing
them into simpler forms to let them cure completely while still holding the geometrical
form.
Final trimming, machining and assembly
The cured components are then inserted into machining centres where the outline
geometry is trimmed to the final dimensions. At the same time the necessary holes
and clearances are made using conventional drilling and milling techniques. While
the structural strength of the products is exquisite, the force application directly to
the composite structure can be found complicated. Therefore some force-introduction
elements (usually sheet-metal parts) are added to the part in an assembly procedure
that follows as one of the last steps of the product manufacturing. These elements can
either be glued or riveted and are necessary to assure appropriate force distribution to
the part.
RTM overview
The process of RTM consists of several specific steps, each of them being a source of
interesting and complex engineering problems. The production and preparation of CF
input material, automated laying and handling of unconsolidated CF layups, prefor-
ming and resin infusion all have a lot of potential for optimisation and further research.
An important step in this research process is prediction of material behaviour during
preforming and resin infusion. Using FEM simulations, these complex phenomena can
finally be understood so the process can be somewhat optimised already before the
actual manufacturing process is set-up.
Although RTM technology has been around for several decades, very little industrial
applications are actually using it as fully automated production process. The fast
progress of automation technology as well as the concepts of Industry 4.0 facilitate the
use of RTM process by reducing production costs. The automotive industry especially,
is laying very high hopes in the RTM technology to finally enable high volume use
of CFRP in everyday vehicles. The RTM industrial application developed by VOITH
Composites is an important step towards these goals.
2.1.2. Frictional behaviour of carbon composites
Many studies dealing with CFRP materials have been made but friction effects of
CFRP were somehow left aside by the research of supreme CFRP strength proper-
ties. First studies on friction of carbon composites were made for polymer materials
reinforced with short carbon fibres as an additive to the thermoset and thermoplastic
materials. Apart from the reinforcing aspect of carbon fibres, the lubricating effect
has been particularly interesting as it yielded very favourable friction conditions in
combination with some polymer materials such as PA, PEEK and PTFE. Since the
material reinforcement has been done by randomly distributed carbon fibres with no
directional preference, the anisotropic effects have not yet been considered. [9, 10]
As already mentioned above, the technology of carbon fibre placement implemented by
VOC is a brand new, patented procedure meaning that the literature on the particular
engineering problem is very scarce. Although RTM has been in use for many years, this
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kind of material has not yet been implemented for the preforming procedure. Most of
the studies available are therefore focused on the input materials of higher complexity
such as weaves and fabrics. Several publications deal with characterisation and friction
measurement of carbon fibre fabrics and prepreg materials. [11–15]
The most recent and relevant study on the friction of dry carbon fibre materials has
been conducted by members of VOC in collaboration with Technical University of
Munich (TUM). The research group developed a special experimental set-up to measure
friction forces during relative sliding motion of two carbon fibre material layers. The
tests have been made for material orientations of 0◦and 90◦in various combinations.
The effects of process parameters such as temperature, material orientation and contact
pressure have been examined. Special focus has also been given to the influence of
binder material which contributes to the value of frictional coefficient significantly.
Although no final conclusions could have been made, the article offers a very broad and
detailed description of engineering problems connected to the preforming process. [3]
Another interesting research was conducted by TUM as a part of the MAIForm project.
The simulation of forming process for a doubly curved open surface was conducted using
anisotropic material properties, while the friction parameters were set to be isotropic.
The geometry was shaped as a double sinusoid surface with low forming deformation
ratio. Several different layups of carbon fibre layers have been tested. Parallel to
numerical simulations the structure was experimentally fabricated while ensuring the
visibility of reinforcement fibres. The orientation of the fibres on the surface-curvature
representative points has been measured on the fabricated part as well as in post-
processed simulation results. The comparison showed only slight fibre angle deviations
for the layups where layers were placed only in 0◦and 90◦directions. The deviation
was in range of a negligible engineering error. The layups with layers of 45◦orientation
already showed larger deviations in the fibre angle. This study shows, that the imple-
mentation of anisotropic friction is inevitable if accurate simulations for complex CF
layups are to be made even for forming processes of somewhat simple geometries. For
structures of complex shapes with higher deformation ratios, the influence of anisotro-
pic friction is expected to be far greater since the sliding movement between the layers
increases in that case. [16]
Relevant and important contributions have also been made in several final thesis of
previous students at VOC dealing with the engineering problems of preforming. Te-
bbe [17] developed a thorough material characterization plan for the preforming ma-
terial including friction effects, however did not run the experiments. The research
of Mascazzini [18] followed with an attempt to include the material characterization
in the FEM simulation. In both of these thesis, the frictional effects were mentioned
briefly while most of the attention has been given to the mechanical characteristics of
the preforming material. In a subsequent thesis, Jentzsch [19] improved the design of
an existing experimental set-up for the purpose of measuring anisotropic friction effects
of the carbon fibre preform material and ran test experiments to validate the gear. At
last, an experimental plan has been devised by Keller [20] who also ran the experi-
ments to test the influence of various process parameters. Pressure, sliding velocity
and relative orientation angle of carbon fibre layers have been varied. To reduce the
number of necessary tests the design of experiments theory has been used to develop
the simulation plan and to evaluate the results.
13
THEORETICAL BACKGROUND
2.2. Theory of friction
2.2.1. General theory of friction
In general, friction can be described as a motion-resisting force, resulting from interac-
tion of bodies in contact. Dry friction of solid bodies is a very complex phenomenon
which includes a variety of physical and chemical effects such as plastic-elastic defor-
mations, cohesion and adhesion, micro-fractures, effects of material wear and many
other. Nevertheless a very simple friction model can be formulated which sufficiently
describes many engineering applications. This standard friction model is based on the
findings of Amonton and Coulomb. In the scientific community, the notation of the
model is somewhat ambiguously referred to either as Amonton‘s or Coulomb‘s law.
In the scope of this thesis, we will refer to it as Coulomb‘s friction law. The basic
observations of dry friction were made by Amonton and can be summed up in three
rules: [21]
– The friction force is directly proportional to the applied contact-normal load
– The friction force is independent of the contact area
– Kinetic friction is independent of the sliding velocity
These general descriptions of the friction behaviour combined with the extensive expe-
riments by Coulomb led to the definition of friction force in a so called Coulomb‘s law
of friction [21]:
Fs = µsFN Fk = µkFN (2.1)
Equations in 2.1 state that the friction forces Fs and Fk are directly dependent to the
surface normal force FN . The parameters combining the values are friction coefficients
µs and µk. The indices s and k stand for static and kinematic state respectively.
These two characteristic friction states come from the experimental observation of
friction forces. This traditional model however is a rough approximation of the friction
phenomenon. Detailed observations lead to a conclusion that both coefficients have the
same origin and mostly cannot be considered separately because transition between
them often tends to be continuous. [21]
With these equations set, the friction coefficient is now determined as the defining
variable of friction force. Reinterpreting first of the above mentioned rules in this
aspect, the friction coefficient value should be independent of the applied surface-
normal load. For extreme load values (both low and high) these relations have been
found to be incorrect. The assumption is therefore only valid for a certain load domain.
For interaction of metallic materials, this region can indeed span over several orders of
force magnitude therefore enabling the use of Coulomb‘s law for dry friction modelling.
For softer metals such as lead, the domain size is much smaller while the behaviour
of polymers and elastomers already deviates too much for a useful implementation of
load-independent frictional coefficient. [21] In case of composite materials studies have
also shown a clear friction coefficient dependency on the pressure load [11,22]
The third of above mentioned rule can also be interpreted in a similar way meaning
that the coefficient of friction is independent of the sliding velocity. Yet again, this
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relations can only be assumed in special cases and with relatively small changes of
velocity magnitude. In his works, Coulomb already proposed to approximate changes
of friction coefficient with two term equations where the constant value is expanded
with a weak logarithmic dependence on velocity magnitude. [23] The effect of velocity
on the friction coefficient has been proven for the composite materials as well. [24]
Although the idea of a constant coefficient of friction has been successfully used to
model dry friction for a variety of material pairs, the limitations are met very quickly.
The basic concept of a single variable defining these complex relations is therefore only
possible if the variable is represented as a function of the friction parameters such as
contact pressure, sliding velocity, temperature and others. In this way, it is possible to
retain the basic idea of the Coulomb‘s law of friction while expanding the possibilities
for friction modelling.
The description of frictional loads can be achieved on a stress level as well. In this thesis,
the stress notation of frictional loads will play an important part in the description of
contact interaction models. The stress notation can easily be derived from the basic
Coulomb friction equation 2.1. For this purpose let us exclude the distinction between
the static and kinematic friction coefficient for the reasons already mentioned above.
We can therefore form a single force based equation for the frictional loads.
FF = µ · FN (2.2)
Considering localised effects of the friction forces on a contact surface we can differen-
tiate the equation over the infinitesimal unit surface area dA:
dFF
dA









Since the value of frictional coefficient does not depend on the contact surface area it can
be considered as a scalar value during the differentiation. Considering the definitions
of shear stress and pressure from general mechanics leads to the definition of frictional
shear stress τF , that represents a localised value of friction load. In the same way the
load components in the surface normal are now described through a pressure term p.
τF = µ · p (2.4)
With this simple transformation we have now set the basic relation to observe fric-
tion behaviour for a contact interaction surface unit. In case of FEM simulations the
discretization of contact surfaces into finite elements can be considered as an analo-
gue procedure to the derivation process above. The exact algorithm of the contact
interaction simulations will be presented further in the thesis.
Although the Coulomb‘s friction law was at first defined on the force level the stress
notation of frictional loads has already been mentioned by Coulomb during his observa-
tions of material shear strength. Coulomb defines tangential shear stress by introducing
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cohesive and frictional stress component as shown in equation 2.5. The shear stress τ
consists of tangential strength at zero normal stress τ0 which corresponds to cohesive
effects of the material. The frictional component in Coulomb‘s notation is directly
proportional to normal stress σN and the coefficient of friction µ. [23]
τ = τ0 + µ · σN (2.5)
We can see that Coulomb‘s notation of shear stress includes an additional component
which describes the effects of cohesion. In the scope of this thesis the cohesion effects
will not be implemented in the simulation, however an empirically defined cohesion
term will be included in one of the contact interaction models for future research.
2.2.2. Anisotropy of friction
Anisotropy is a characteristic that indicates directional dependency of mechanical or
physical properties. Friction anisotropy is therefore a characteristic of mechanical con-
tacts in which friction depends on the sliding direction. This behaviour can either
origin from the anisotropic mechanical characteristics or the anisotropic geometry of
the surface structure. [25] Either way, two main features of anisotropic friction can be
observed:
1. The magnitude of friction force is directionally dependent
2. For a general case, direction of friction force is not opposite to the direction of
sliding velocity
First of the features is easy to understand. It states that the magnitude of the friction
force varies with the change of sliding direction. This feature can easily be implemented
into the classical Coulomb friction law by expanding the friction coefficient to include
directional dependency. The need for a variable friction coefficient in a form of a
parameter-dependent function has already been justified in the previous section on the
example of velocity and pressure. Additional dependency on the sliding direction adds
another variable, however stays on the same complexity level of the standard friction
model.
Second of the properties is not that trivial. It states, that in a general case, the friction
force does not act in the opposite direction of sliding motion thus deviating from the
basic assumption of friction models. A simple adjustment of classic friction models
to include anisotropy is therefore not possible. The problem can be solved in two
different ways. It is either necessary to form a distribution law to define the magnitude
of in-plane friction coefficient and a separate rule to define the sliding direction. The
second possibility is to form a friction coefficient with two in-plane components with
tangential (direction of the load) and transversal (perpendicular to the load) values. A
distribution law for each of the components in the contact plane is still to be formed,
while the sliding direction is defined by the vectorial sum of the components.
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The theory of anisotropic friction is complex and in many cases derived using tensor
calculus. In the scope of this thesis, it would be impractical to include tensor notation
and complex derivations. Simplified descriptions of friction anisotropy will therefore
be made for the purpose of understanding the characteristics of friction anisotropy. In
the literature review on the topic, the reader can find articles in which models and
theories are explained in detail.
The origin of anisotropic friction is often considered to be the geometry of surface
roughness. These irregularities in the surface structure are denoted as asperities. A
random form and distribution of asperities yields isotropic characteristics. If the form of
asperities is structurally defined for majority of the asperities and their orientation has
a prevailing direction, the distribution of friction forces leads to anisotropy. A typical
example are surfaces machined by traditional cutting methods such as turning and
milling. The reason for the anisotropy on the surface geometry level is that triangular
or wedge shapes resulting from the cutting tools add an additional force component
which counteracts the movement in the upwards direction of the triangular slopes that
form during cutting process. [26]
One of the most important works on theoretical descriptions of anisotropic dry friction
has been written by Zmitrowicz in 1980. [25] In this article, a Coulomb friction tensor
for a general friction case is defined based on a hypothesis of friction force distribution.
Further on, several properties of the friction tensor are described including those of
isotropic and orthotropic friction as special cases. One of the properties proves that
a hodograph of friction force vectors has an elliptical form for any case of anisotropic
friction. This elliptical distribution of in-plane friction force has become a characteristic
representation of anisotropic friction. Figure 2.6 shows an example of a hodograph for
a general anisotropic and orthotropic friction case. We can see, that the principle axes
of friction in a general case are not collinear to the ellipse principle axes as is the case
with the orthotropic friction. For an example of isotropic friction, the hodograph would
take a form of a circle. These geometrical representations will also be used further in
the thesis for the theoretical descriptions of anisotropic friction models implemented
in the FEM simulations.
In the first anisotropic friction model by Zmitrowicz, friction force is defined by a linear
dependency to the slip direction vector and contact pressure. In one of his further
publications, the relations were expanded with a non-linear model. [27] A linear model
will be used for calculations in this thesis.
In a mechanical contact, each of the body surfaces contributes to friction properties.
A contact interaction of materials with isotropic friction properties trivially leads to
isotropic friction effects. The coefficient of friction for an isotropic contact can be
defined with any of the known experimental methods for a chosen material pair and
specific surface properties.
Yet again, there are two possibilities, corresponding to the two the values of friction
coefficient components have to be measures for each of the contact surfaces indepen-
dently, using a surface with isotropic friction properties as a reference. Combining the
friction coefficients of each of the surfaces into a combined contact friction coefficient
requires a rule which has been defined by another hypothesis by Zmitrowicz. [25]
17
THEORETICAL BACKGROUND
Figure 2.6: Friction force hodograph [25]
In another article, Konyukhov comments on the necessity for a coupled model of ad-
hesion and friction when contact of soft surfaces with anisotropic properties is to be
modelled. [28] In one of our models, an empirical variable will be added to model the
effects of layer cohesion on contact interaction model.
As already mentioned above, elliptical distribution is the most common method to
model friction anisotropy. For the purpose of simplification in numerical simulations,
Zhang et al. proposed a polyhedral approximation of elliptical friction law. This
method will not be pursued for the simulations in this thesis, however the idea of
incremental determination of friction coefficients and their interpolation that will be
used in the user defined subroutine is somewhat similar. [29]
A thorough theoretical base of anisotropic friction was developed by Zmitrowicz in
several of his publications [25, 27] and complemented by Mróz and Stupkiewitz [26].
An attempt to validate an anisotropic model with experimental data was made by
Konyukhov et al. in [28]. Recent works on friction anisotropy include publication of
Hjijaj [30] and proceedings of Walker and Leine [31].
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2.3. Contact simulations in ABAQUS
In this section the contact interface modelling and friction theory models implemented
in the FEM software ABAQUS are presented. When explicit analysis is used in Abaqus,
the contact interface modelling is implemented through the surface interaction module.
This module enables the definition of several mechanical and thermodynamic interface
characteristics. The definition of contact pressure and Coulomb friction are described
below as they the core functions of our simulation model. In a separate section the
integrated anisotropic friction model (M1) and and the user-defined friction subroutine
(M2) are presented with respect to the theory behind their implementation.
The literature and research on the topic of FEM simulations is very extensive and
the theory of FEM has been addressed in many scientific publications. A comprehen-
sive overview of the general theory on numerical simulations and FEM is offered in
publication of Zienkiewicz [32] and a very thorough theoretical description of contact
simulations with FEM is offered in dissertation of Kloosterman. [33] The ABAQUS-
specific mathematical formulations of FEM algorithms are thoroughly explained in the
ABAQUS Documentation. [4] For this reason, the basic theory of numerical methods
and FEM will not be presented in the scope of this thesis.
2.3.1. Contact normal-direction behaviour
Connection between friction loads and contact pressure is inevitable and has been
universally proven for dry friction contact. It is therefore important to include a valid
interaction model for the contact-normal direction if correct friction loads are to be
obtained from the simulation.
When pressure is applied on the carbon fibre lay-up during preforming process, the con-
tact interactions between fibres and fibre layers lead to the phenomenon of compaction.
Mechanisms and effects of compaction have already been described in section ??. The
behaviour of compaction process is non-linear and cannot be correlated to the consti-
tutive material model of carbon fibre layers. [7] The solution for separation of contact
interaction and constitutive properties in ABAQUS is a modelling technique called
pressure-overclosure function. The function defines relations between the overlapping
distance of material layers and the contact pressure. Furthermore, the defined relations
are uncoupled from the geometrical material thickness and the material constitutive
model thus only effecting the contact-interaction model. The modelling technique and
the need for separation of the compaction and constitutive models to avoid interference
with material bending stiffness was presented and justified by Mascazzini. [18]
Pressure-overclosure model is a way to soften the hard contact, that is generally assu-
med in ABAQUS contact simulations. The hard contact model assumes an instantane-
ous pressure build-up on the contact area of surfaces without any surface penetration
which does not correspond to the actual material characteristics. As shown in figure
2.7 there is no pressure if the surfaces are not in contact and the pressure builds up
instantaneously without limits when surfaces are in contact.
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Figure 2.7: Hard contact function [4]
Softening the hard contact by using pressure overclosure function is especially useful
to model thin and soft layers of material according to Abaqus Documentation. This
feature therefore corresponds with the soft unbinded layers of raw carbon fibres used
in our case. There are three ways to define the pressure overclosure relationship.
Linear, exponential and tabular function can be defined and offer different modelling
complexities and possibilities. The linear function is the simplest solution however
inappropriate for the simulation of preforming. Exponential function could be used
to approximate the compaction behaviour. In figure 2.8 the parameters are presented
on a function graph. The initial clearance c0 at which the pressure starts to biuld-
up, the value of pressure at zero clearance p0 and the maximum gradient K(max) of
the exponential function to limit the pressure increase completely define the pressure
overclosure function. [4] Although it has been proven, that the compaction of fibres
indeed can be modelled with an exponential function [7], it is difficult to determine
correct values of parameters and a systematic error is implemented in the model with
the approximation function.
Figure 2.8: Exponential pressure overclosure function [4]
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If the material data can be obtained experimentally, tabular function offers the possi-
bility to form pairs of pressure and overclosure values thus accurately and completely
defining the pressure overslosure relations directly for the material in question. The
interpolation between value pairs is linear as shown in figure 2.9 which reduces the
computational effort while still ensuring accurate results if the measuring step of the
data is chosen to be fine enough. [4]
Figure 2.9: Tabular pressure overclosure function [4]
Although the pressure-overclosure relations can be used in various simulations, some
of the functions are not available for all of the contact formulation algorithms. In the
practical part of the thesis, the most appropriate of the combinations will be chosen.
Additional information including the theoretical background of the pressure-overclosure
function is described in detail in ABAQUS Documentation [4].
2.3.2. General friction model
As with the behaviour in the normal direction, friction modelling is also implemented
via the surface interaction module. Depending on the contact formulation algorithm,
the surfaces of bodies are either automatically or manually defined as a potential con-
tact area in the simulation. During the simulation, Abaqus searches for interaction of
defined surfaces and in a case of contact determines transmission of shear and normal
loads across the surface interface. These loads are expressed in terms of contact stres-
ses according to the friction model that determines the relationship between shear and
normal stresses. Standard friction model in ABAQUS is based on the classical Cou-
lomb friction law while offering some extensions to include additional features. Among
other, the extensions allow the friction coefficient to be dependent of several simulation
parameters.
The basic concept of the friction model is to compare the equivalent frictional shear
stress on the contact surface
τeq =
√
τ12 + τ22 (2.6)
to the critical frictional stress
τcrit = µ · p (2.7)
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while considering the stick-slip conditions.
The equivalent frictional stress is constituted of in-plane contact shear stresses τ1 and
τ2 as defined in equation 2.6. The shear stresses are the consequence of an external
application of surface normal and tangential loads. The coefficient of friction µ in
equation 2.7 is the essential variable that defines the relation between critical stress
and the contact pressure P . This basic relation is shown in 2.10.
The stick slip conditions are defined with assumption that no relative motion in contact
(sticking) occurs if the equivalent frictional stress τeq is less than the critical frictional
stress τcrit. When the equivalent frictional stress exceeds the critical stress, the bodies
in contact begin a relative motion (slipping) with a slip rate magnitude and direction
calculated from equation 2.8. [4]
Figure 2.10: Basic Coulomb friction [4]
The basic model assumes an isotropic definition of friction meaning that the value of
the friction coefficient is independent of the slip direction. In this case the direction of







where subscript i stands for a general slip/stress direction and the γ̇eq is the magnitude






These equations are only valid for isotropic friction however they can be easily expanded
to describe anisotropic friction as well.
In section 2.2.1. we have already explained the need for a variable frictional coefficient,
defined as a functional dependency on friction parameters. In general Abaqus friction
model, the friction coefficient indeed is defined as a function of several variables inclu-
ding equivalent slip rate γ̇eq, contact pressure P , average value of temperature field θ
and average value of user defined field variable f , mathematically written in (2.10).
This approach enables a variety of simulating possibilities that exceed the complexity
of the classical Coulomb law. [4].
µ = µ(γ̇eq, P, θ, f) (2.10)
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2.3.3. Integrated anisotropic friction model
The 2017 version of ABAQUS is the first one to include an integrated anisotropic
friction model. There are some important advantages of integrated models in ABAQUS
compared to the user subroutines. While subroutines are powerful tools to model
specific material properties and can be written exactly for the needed application, they
are often inefficient, prone to instabilities, lack documentation and have to be verified to
ensure they offer correct results. Most of these problems are already solved when using
integrated solutions and it is reasonable to try these possibilities first. The integrated
anisotropic friction model will be therefore presented in detail including theoretical
background and some verification simulations in the nexk chapter. [4]
The integrated anisotropic model in ABAQUS is an example of elliptical distribution
of frictional stresses. In the theoretic part of the thesis, the origin of the elliptical
distribution has already been explained along with some examples in the literature. The
anisotropic model in ABAQUS defines two principal directions for friction coefficients
and assumes an elliptical distribution between them. As the principal directions are
perpendicular to each other, the model actually describes orthotropic characteristics
rather than the general anisotropy. We will use the name anisotropic however, to stay
consistent with the ABAQUS user’s guide nomenclature [4]. Analogue to equation 2.7
the critical frictional stress for anisotropic friction is defined for each of the principal
directions:
τ1 crit = µ1 · P and τ2 crit = µ2 · P (2.11)
The friction ellipse is defined, with the critical stresses from equation 2.11 representing










= P 2 (2.12)
A measure of ellipse eccentricity is introduced with the frictional directional preference
factor ϵ which defines the ratio between the extreme principal values of the ellipse. This
value is introduced to simplify the upcoming equations and definitions. The common
eccentricity measure of ellipse in geometry e = c
a
is presented in figure 2.11. The
relationship between e and ϵ is given as:





The orientation of contact surface in the momentary contact plane is defined using the
angle ϕ which rotates the ellipse in the shear stress plane.
Another important aspect of ABAQUS friction model is the combining of frictional
ellipses. The contact interaction always consists of two surfaces which can in general
have any orientation and directional preference ϵ. The combining rules are presented
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Figure 2.11: Ellipse eccentricity
thoroughly in the ABAQUS user’s manual for the general case where the use of different
weighing methods is explained as well. We will focus only on the special case of two
identical surfaces under general orientation. For such case, the combined directional
preference factor is calculated according to:
ϵcombined = ϵs · cos γ (2.14)
The combined orientation angle ϕ of the contact scaling ellipse is the average value of











The elliptical stick region with above mentioned variables is presented in figure 2.12.
The ellipse function defines two-dimensional stick-slip conditions similar as equation
2.7 for the isotropic friction. The absolute values of ellipse extremes E1 and E2 are
calculated according to equations 2.17 and 2.18. The solver computes a candidate
shear stress and checks whether it is lower or higher than the critical one. The sticking
conditions apply if the stress is less than the critical one thus lies within the ellipse




τ12 + τ22 = (1 + ϵcombined) · µnom · p (2.17)
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Figure 2.12: Ellipse extremes
E1 =
√
τ12 + τ22 = (1− ϵcombined) · µnom · p (2.18)
In the case of slipping condition, ABAQUS sets the contact shear stress equal to the
critical stress where the normal to the elliptic functions passes through the candidate
stress τcand. The direction of incremental slip is normal to the elliptic function at
the point of critical stress τ = τcrit. A directional deviation of friction force from
slipping direction is included in this way which is a crucial characteristic of anisotropic
friction. A representation of slip rule is presented in figure 2.13. The theory behind
the calculations of slip direction and slip rate is thoroughly explained in the ABAQUS
user’s manual. [4]
Figure 2.13: Slip rule representation
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2.3.4. Anisotropic friction user subroutine
Subroutines are a user defined scripts that can increase functionality of Abaqus ca-
pabilities. The subroutines are programmed to include user-specific characteristics,
material or interaction models and other specific behaviours when standard Abaqus
solutions do not suffice to simulate the engineering problem. [4]
The goal of user subroutine in our research is to enable simulation of anisotropic friction
with a new anisotropic friction model (M2). This model enables a direct implementa-
tion of experimental friction coefficient values. The main model variable is the relative
orientation of surfaces α with respect to the enforced sliding direction.
Two additional variables are added to the model in order to describe special material
characteristics such as visco-elastic and cohesive behaviour. These two variables are
modelled empirically and do not have their origin in theory of mechanics. The reason
for their implementation will be explained later on.
The principal of user subroutine friction algorithm is presented in figure 2.14. The user
subroutine uses predefined discrete values of friction coefficient and interpolates them
corresponding to the incremental relative surface orientation on the point of contact.
The interpolated friction coefficients are multiplied with the incremental pressure values
to calculate the frictional shear stress. This calculation is performed for each of the
nodes on the contact surface area. The simulation incrementally advances according
to the specified time step and controls in a dynamic Abaqus Explicit simulation.
Figure 2.14: User subroutine friction algorithm
Surface orientation
Let us focus on each of the algorithm steps separately beginning with the relative
surface orientation. The subroutine runs on the level of element nodes. For each of
the nodes on the contact surface, the information about node orientation is saved in
vector form at the beginning of the simulation. During the simulation, vectorial values
evolve based on the displacement and rotation of the surfaces. Figure 2.15 depicts
a master and slave surface with different orientations O1 and O2. Terms master and
slave will be explained later on. For each of the surface nodes a vectorial value of
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orientation O⃗1i in 3D modelling space is defined. The index i represent a sequential
node number at which the orientation is defined. In Abaqus GUI the orientation of
nodes can be specified for all of the nodes in one material layer at once but during the
simulation process the incremental change of orientation is calculated for each of the
nodes separately. This enables a general definition of orientation which is important
as the fibre layers twist and bend during the preforming process.
Figure 2.15: Definition of orientations on master and slave surfaces
The Abaqus contact algorithm checks for contact of surface nodes with the surface
segments (finite elements) and calculates contact forces that are later transformed into
the value of contact pressure. Figure 2.16 shows the contact interaction points and
their interpolation for a general case of uneven surfaces. The point of contact does
not necessarily coincide with the surface nodes. In that case the orientation values are
interpolated from the values of neighbouring nodes. Linear interpolation of orientation
values is performed based on the Abaqus rules for interpolation of field variables. [4]
Depending on the contact formulation, the algorithm either averages effects of master
and slave surfaces (balanced master-slave formulation) or only considers contact of slave
nodes with master elements (pure master-slave formulation). The pure master-slave
formulation tends to be problematic at the surface edges if slave nodes lose contact
with the master surface. This phenomenon is described in the Abaqus documentation
under “Contact formulation for general contact in Abaqus/Explicit”. [4]
Figure 2.16: Contact interaction and interpolation of orientation vectors
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Surfaces in the simulation model actually represent the material layers. A preforming
stack for a complex carbon composite part can be made out of dozens of layers. In
order for simulation to work, these layers have to be alternately defined as master and
slave surfaces in the simulations model as shown in figure 2.17.
Figure 2.17: Alternate definition of surface properties
We now observe a single contact point with interpolated surface orientation O⃗∗1 and
node orientation O⃗2i as shown in figure 2.18. At this point the main variables α1 and
α2 that define relative orientation of surfaces with respect to the sliding direction γ⃗
can be defined. These variables are crucial for the definition of friction coefficients at
the contact point which in combination with contact pressure values lead to frictional
stresses. From to the incremental slip direction in the contact point and the inter-
polated surface orientation, we can determine the values of α1 and α2. If the angles
correspond to any of the combinations defined in the user subroutine interface file, the
values of friction coefficients are directly used in the simulation without any interpola-
tion necessary. For every other angle combination the values of friction coefficients are
interpolated to determine new friction coefficients. The interface file and the input of
friction coefficients is presented in tables 2.1 and 2.2 later in the thesis.
Figure 2.18: Surface orientation at contact point
Definition of friction coefficient values
The in-plane orientation between two material layers can take any value between 0
and 360◦. However the frictional properties of material layers along the carbon fibres
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are identical in both directions. The subroutine is therefore set to always convert
orientation angles greater than 180◦ in a corresponding smaller angle. In this way only
half of the 360◦ field has to be covered to completely define the anisotropic friction
relations.
Figure 2.19: Discretisation of half circle field
In order to do so, the half-circle domain is divided into user specified number of fields
n as shown on an example of four discretisation segments in figure 2.19. There are
n + 1 discrete angle points that will be used to define the distribution of anisotropic
friction coefficient values. The number of relative orientation combinations that can
be formed with these discrete values is (n+1)2. For all of these combinations, the data
for longitudinal µ∥ and transversal µ⊥ coefficient of friction has to be specified.
The experimentally determined data is implemented in the user subroutine through
a simple interface text file. The file stores all of the user-specified values of friction
coefficient. Tabular organisation of the file enables a simple overview of the specified
data. A general definition of the subroutine interface file is presented in figure 2.1.
Table 2.1: General tabular description
set-up line → 0 n, cc, cv
data lines →











The first column only represents the sequential line number and does not have to
be written in the text file. In the set-up line, the discretisation value n and friction
parameters for cohesion and viscous behaviour are specified. The discretisation value n
determines the number of required data lines to follow. In the data lines the values for
longitudinal µ∥ and transversal µ⊥ coefficient of friction for the combination of relative
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orientation angles α1 and alpha2 are defined. The data lines are repeated until data
for all of the combinations of relative orientation angles is defined. This corresponds
to (n + 1)2 data lines. The sequence of combinations is not important however if the
input is done accordingly to the sequence in the example file, a symmetry in the data
lines occur and therefore simplifies control of input values. An example of interface file
for a 90◦ discretisation (n=2) is presented in table 2.2.
Table 2.2: Case-specific tabular description
0 2, 0, 0
1 1, 0, 0, 0
2 0.5, 0, 90, 0
3 1, 0, 180, 0
4 0.5, 0, 0, 90
5 2, 0, 90, 90
6 0.5, 0, 180, 90
7 1, 0, 0, 180
8 0.5 0, 90, 180
9 1, 0, 180, 180
We can see that the friction coefficients are symmetrical over the central data line 5
if the input sequence is as presented. We can also see, that none of the data lines
actually defines a transversal friction coefficient value. The reason lies in the specified
angle orientations that either define the fibre direction parallel or perpendicular to the
sliding direction. At these material orientations no transversal friction forces occur
according to anisotropic friction theory. With these values the simulation would never
yield anisotropic friction, because the interpolation of transversal friction coefficient
values would always equal zero. The lowest possible discretisation in order to define
anisotropy is therefore 60◦ or n = 3. The finer the discretisation the better interpo-
lation between values will be performed, however the number of required experiments
increases quadratically to the number of discretisation fields. The limits of sensible di-
scretisation level are therefore quickly met due to heavily increased experimental effort
and costs.
The data for friction coefficients come from experimental studies which have to be
performed for several combinations of material orientation. The carbon fibre layers
are oriented for a specified angle α and a sliding motion is enforced while measuring
longitudinal and transversal friction forces. These forces are later transformed into
friction coefficient values with respect to the surface-normal load applied on the carbon
fibre layers. The experimental set-up for measuring anisotropic friction that has been
developed over the past years by VOC colleagues, is thoroughly presented in their
publications [3,17,19,20]. The set-up has upgraded several times, however still faces a
major drawback in its performance. At this point of research, the experimental set-up
only enables measurements of anisotropic friction coefficients for surface orientations
in form of 0/α. This means one of the surfaces has to be oriented in the direction
of movement in order to prevent fibre wrinkling and by that, falsification of results.




Although the experimental set-up cannot measure the whole spectrum of anisotropic
friction effects, we can still benefit from the values of friction coefficient, that have
already been successfully measured. The experimental study performed by Keller [20]
deals with three defining variables of anisotropic friction namely contact pressure, sli-
ding velocity and surface orientation. The study has been performed using principles
of experimental design in order to lower the number of required experiments. In this
thesis we will use the values of friction coefficient trends regarding the material orienta-
tion only in order to gain reference values for our simulation. The values of longitudinal
and transversal friction coefficients are presented in table 2.3. These coefficient values
are an averaged representative of friction coefficients, that occur at different pressure
and velocity parameters for the specific surface orientation combination.












Additional components of friction stress
We have already mentioned that the subroutine offers possibilities to model viscous
effects and material cohesion on an empirical level. The reason for two additional
variables is the nature of material being simulated. Preforming process takes place
under pressure and heat loading. Both of these loads alter the behaviour of material
during the process mostly because of the presence of binder substance. Whether in
powder or liquid form, the binder has both viscous and cohesion effects on the carbon
fibre layers. For the current version of the subroutine, these effects are too complex
to be implemented as a material model. In order to offer some fine-tuning possibilities
the effects are added as an empirical components of shear friction stress.
The following equation includes all of the shear friction stress components and is an
expansion of the basic friction equation presented in the user subroutine algorithm
2.14.
τ⃗F = τ⃗FF (τ∥, τ⊥) + τ⃗FC(τ∥,∅) + τ⃗FV (τ∥,∅) (2.19)
with the components:
– τ⃗FF → Anisotropic friction component of shear stress
– τ⃗FC → Cohesion component of shear stress
– τ⃗FV → Viscous component of shear stress
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The values of empirical stress components τFC and τFV are not associated with the sur-
face orientation. In other words, the cohesion and viscous parameters are not modelled
as anisotropic effects. As it is seen from equation 2.19 these shear stress parameters
only include a longitudinal stress component and do not contribute to the transversal
shear in the contact interaction. For now, the cohesion and viscous terms only allow
some primitive ways to include dependence of longitudinal friction coefficient on sli-
ding velocity and cohesion effects. The magnitude of longitudinal cohesion term in
that aspect is defined as:
τFC∥ = K · cc (2.20)
where cc is the user-defined cohesion parameter. The same principle is used for the
magnitude of longitudinal viscous term:
τFV ∥ = K · cv · γ̇ (2.21)
where γ̇ is the frictional slip rate or velocity and cv the user-defined parameter provided
in the user subroutine interface.
The parameter K account for the contact formulation defined in the simulation and
only alternates between values 1 and 2. When balanced master-slave formulation is
used, the user subroutine considers cohesion and viscous stress values for contact nodes
of both surfaces hence K = 2. With the master-slave formulation on the contrary, only
nodes of the slave surface are considered hence K = 1.
We can see, that both of the terms are independent of the contact pressure. This
means that a non-zero cohesion parameter cc leads to shear friction stress even in case
of contact interaction without contact pressure load. This corresponds to the effect
of cohesion that we want to model, namely the sticking effect of semi-cured binder
substance during the process. The velocity dependent parameter in the subroutine
enables fine tuning for the effects of viscous behaviour of polymeric binder on one hand
and the reduction of friction coefficient value at high sliding velocities on the other.
At this stage of subroutine development the parameters cc and cv are constant for the
whole simulation without any possibilities to alter them during the simulation. This
only accounts for a continuous linear dependency of the parameters which cannot be
used to model complex material behaviour. It is however worth mentioning because
with additional development the subroutine could become a powerful tool with very
general approach for simulations of preforming.
The anisotropic friction subroutine has been developed by the Simulia customer support
with cooperation in testing and development by VOC engineers. However it has to be
mentioned that the policy of Simulia does not allow distribution of open source user
subroutines to the customers and therefore only provides compiled versions of the
subroutines. This means that even during testing we could never gain a complete
insight into the subroutine functioning. Although the mechanical models behind the
subroutine have been presented and explained, it is impossible to understand all of
the subroutine algorithms without the availability of the source code. The Simulia
user-support also did not present any official documentation of the subroutine and its
development For further development and research we therefore advise to turn directly
to Simulia customer support.
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3. Simulation of anisotropic friction
The following chapter is divided accordingly to the three main tasks. First the basic
models of contact simulations in Abaqus are tested and verified to assure the accuracy
of the upcoming simulations. Afterwards, the experimental set-up is modelled with the
integrated anisotropic friction model and an analytical case study is made to address the
problematic of friction coefficient definition. In the third part, a user-defined subroutine
with experimentally defined coefficients of friction is used to simulate the frictional
behaviour.
3.1. Verification of contact modelling in Abaqus
Testing and verification of single mechanical models in FEM calculations is important
to assure proper functionality of complex simulations where several of these models
have to be combined and eventually interact with each other. Even when dealing with
commercial FEM software, the results do not always correspond to the documentation
and can sometimes even vary from one solver edition to another. [18]
This section focuses on the practical use of contact models by running simple verifica-
tion simulations. Gradually we will built-up and expand the contact interaction model
to the desired complexity thus enabling simulations of the preforming applications.
First of all, a definition of the simulation model with a description of the modelling
steps is made. The use of geometry form, dimensions, boundary conditions and varia-
bles is explained, commented and justified. Although the simulation model will change
slightly during the process of model development, most of the geometrical, mecha-
nical and numerical parameters stay the same. A thorough description of modelling
steps is therefore offered and other simulations will be referred to this section to avoid
repetition.
Beginning with simulations, different modelling techniques are tested for behaviour in
the surface-normal direction at first. Sequentially, the tangential behaviour is added
as general isotropic and anisotropic friction. In this way, the complexity of mechanical
models is slowly built up. Considering the findings of subsequent simulations we can
exclude inefficient, inaccurate and inappropriate modelling techniques and therefore
reduce the number of models in a preceding simulation step. In this way the most
appropriate of techniques is filtered out to be used in simulations of experimental set-
up and for future large scale simulations. In order to explain and justify the decisions
33
SIMULATION OF ANISOTROPIC FRICTION
taken after each of the steps, simulation results will exceptionally be presented directly
after the model definition and not in a separate chapter. To enable comparison between
different modelling techniques, a measure of simulation quality is set for each of the
modelling steps.
3.1.1. Definition of simulation model in Abaqus
Definition of the FEM model in Abaqus consists of several steps. First of all, the
geometry of the parts included has to be defined and meshed to acquire finite elements.
The next step is definition of loads and boundary conditions that comply with the
engineering problem while ensuring stable FE calculations. Afterwards the mechanical
characteristics are set-up including general material data and interaction models.
The basic concept of our simulation model is to acquire and evaluate only the influence
of contact interaction model and eliminate any potential side-effects. To ensure that,
we also have to exclude the mechanical properties of the material. We can achieve that
effectively by considering parts to be rigid bodies thus eliminating part deformations
and their effect on the contact interaction model. In this way we can simulate only
contact interaction effects. This approach also complies with the measuring method
being used for the experimental results in which the material is effectively clamped to
prevent deformation and only measure the effects of friction.
Model geometry
The geometry of modelled parts is kept very simple in order to test the functionalities
of the contact interaction model without eventual disturbances of curvatures. The
geometry consists of two surfaces based on shell finite elements. Shell finite elements
are a logical choice for simulations of models, in which one of the geometrical dimensions
is substantially smaller than other two. They are very computationally effective, yield
very accurate results and are very stable to distortions. Simulations of textile materials
and forming procedures of sheet metal are an example of a similar engineering problem
that is mostly solved ba shell elements. Some of these simulations are even verified in
Abaqus documentation. [4].
Several different shell element formulations exist in Abaqus. An overview of charac-
teristics and nomenclature is thoroughly explained in the Abaqus documentation [4].
In our case a four node, reduced integration finite element with Abaqus name S4R
has been chosen for the simulations. The S4R formulation is often used as a standard
choice for shell elements simulations because it is robust and very computationally effi-
cient. Since the focus of our simulations lies in the interaction models and not in the
constitutive material models, the differences of element versions will not be considered.
The geometry consists of two rectangular shell surfaces. The surfaces have a rectangular
shape to enable perfect mesh conditions. In this way the generated finite elements can
all have the same size and form which assures stable and exact numerical calculations.
The variation of the element size can have significant influence on the simulation results.
The element size is one of the variables in the following simulations and the reasoning
behind element size definition is explained.
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The thickness of surfaces is set to t = 0, 2mm which approximately corresponds to the
thickness of a single roving-based layer. The thickness of the elements is not important
for the interaction model and can therefore be varied according to the simulation
needs. When dealing with elements of relatively small dimensions in regards to the
shell thickness it is important to check for contact thickness reduction. The thickness
value should not exceed 20-60% of the element edge size, dependent on the model
geometry [4]. In our case the element size to surface thickness ratio will always be
adequate to avoid contact thickness reduction.
The surfaces are separated exactly by the defined surface thickness value in the surface-
normal direction. This configuration is an equivalent of laying two layers of material
on top of each other without application of normal force. The bottom surface is bigger
and represents an infinite layer of material, while the upper surface is always modelled
as a square with varying edge size a and area A = a2. The contact area Ac between
the surfaces usually equals the area of the smaller surface. Is is however possible, that
the upper surface slides of the bottom one. In that case the contact area is defined
as the area where the surfaces are still overlapped. The contact area is important for
the calculation of pressure to force relations. The basic model outline is presented in
figure 3.1.
Figure 3.1: Basic simulation geometry
Boundary conditions
Both surfaces are made rigid by applying a tie condition of all six degrees of freedom
from all surface nodes to one reference point for each of the surfaces separately as
shown in figure 3.2. This is necessary to exclude the effect of material properties thus
only testing the influence of the interaction model. It ensures, that no deformation of
the material takes place and that tangential stresses exactly correspond to the stresses
influenced by the frictional forces. In reality this conditions can be approximated with
effective clamping of both layers to prevent material deformation. The reference point
is set directly in the middle of the surface area and is used to apply all further loads
and boundary conditions.
Geometrically seen, boundary conditions are used to fix the parts in the modelling
space. The bottom surface is constrained on its reference point with all six degrees
of freedom. The rigid body definition on the reference node mentioned above applies
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the conditions on the whole surface area. The smaller surface is constrained in rota-
tional degrees of freedom with two objectives. The rotation around the in-plane axis
is constrained to enforce a steady parallel orientation of the surfaces. In reality this
condition would correspond to a sturdy experimental set-up which does not allow the
out-of-plane rotations. The rotation around the surface normal axis which runs thro-
ugh the middle of the surface area is constrained in order to enable the evaluation of
the reaction moment around the surface normal axis. The necessity for this evaluation
is discussed later on.
In the verification simulations, the loads in surface-normal direction will be introduced
with force application on the reference point. This leads to a uniform distribution of
the concentrated force on the surface area and is equivalent to a pressure load according
to the basic pressure-force relation F = p · A. Sliding movements of the surfaces are
applied over the reference points and therefore effect the whole surface at once.
Figure 3.2: Position of reference points
3.1.2. Contact pressure verification
In the theoretical descriptions of friction model 2.3.2. we have seen, that Abaqus al-
gorithm uses contact pressure values to define frictional forces. Even the frictional
coefficient itself can be made pressure-dependent. Friction forces are therefore inevita-
bly connected to pressure values, meaning that a proper model functionality in normal
contact direction is essential for accurate modelling of tangential behaviour.
The contact interaction simulations with Abaqus/Explicit simulation method can ei-
ther have node-to-element or element-to-element configuration. According to the the-
ory of the pressure-overclosure function [4], the pressure distribution should be homo-
geneous over the whole contact surface area. Some issues in connection with contact
normal behaviour have been observed and reported by Mascazzini [18] and even discus-
sed on Simulia’s user-support trainings. A very noisy distribution of contact pressure
in some modelling configurations can lead to high pressures spikes on some nodes. Our
intention in this section is to offer an example model to represent this interaction error
and to evaluate the effect of different model configurations and relative mesh size on
the error.
Three different configurations of the interaction modelling regarding contact formula-
tion and surface interaction are offered and their effect on the pressure distribution
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is tested. The differences between node-to-element and element-to-element surface in-
teraction as well as balanced master-slave and pure master-slave contact formulation
that have already been addressed in section 2.3.4. will be tested on a practical level.
Additional three variables are introduced and varied according to the table3.1. The
element mesh size of parts in interaction is varied, as well as the relative position of
one mesh to another. In connection with the mesh size, the surface dimensions of the
smaller part are varied to differ from relative and absolute mesh size effects.
The element size is varied to check its influence on the results. The values are set to
sizes which are expected to be sufficiently accurate and still computationally efficient
for the large scale forming analysis. The values are based on VOC internal experience
and consider the Abaqus element size recommendations to avoid contact thickness
reduction which was also described by Mascazzini [18]. The size of the elements in a
simulation model is always set the same for both of the surfaces. The variation is done
for both of the surfaces and applies for the whole simulation model. This is necessary
because the modelled layers will all consist of the same material and we want to assure
the same effect of material properties for all of the layers.
The relative position of the surfaces is element size dependent to ensure the same
shifting effect for any element size. The models in which the surfaces are shifted to
another are therefore positioned according to the following rule:
∆x = 0, 3 · elsize ∆y = 0, 4 · elsize (3.1)
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The small surface is shifted for the calculated shifting values in the axis-positive di-
rection from the centred position. The values are picked with consideration that the
shifting should be done asymmetrically to simulate a general case of positioning.
All in all, 18 different simulations are made and compared to each other. Non-
homogeneous pressure distribution is expected, according to the above mentioned
sources. Therefore, some result measures are set to enable comparison between the
simulations and to evaluate the quality of the simulation.
A quantitative evaluation of pressure distribution is done statistically. The average
pressure value calculated over the whole contact surface is compared to the theoretical
pressure value and the relative error is given. Introduction of relative error enables
comparison of results, independent of pressure magnitude and offers a measure for
result accuracy. A small relative error of average values however does not necessa-
rily mean, that the results are correct over the whole contact surface. The scattering
of nodal pressure values is therefore evaluated with the statistical parameter of stan-
dard deviation. A simulation model has to perform adequately on both of the quality
measures to be satisfactory for further application.
A qualitative measure is made based on the aspect of pressure distribution symmetry.
Since the pressure values will be used in the simulation of friction, the symmetry
of pressure distribution is important to avoid unbalance in friction forces that could
lead to rotational moments in the plane-normal direction which would not correspond
to real conditions. The symmetry measure will be qualitative evaluation of the field
distribution in the post-processing representation.
The simulation models are built up as described above and the variation of variables
is presented in table 3.1. A concentrated force of 10N is applied on the reference point
in surface-normal direction. This is the only load applied in this set of simulations.
The correspondent theoretical pressure on the contact surface is calculated according
to p = F
A
. This pressure value is the theoretical basis for comparison of pressure values
for all of the verification and test simulations in this thesis if not specified differently.
Fn = 10N ; A = 225mm
2 → p = 0, 0444MPa (3.2)
In following figurative descriptions, the pressure distribution at the end of the simula-
tion step is presented. The numerical values are clearly described through the statisti-
cal measures in the table. The focus on these figurative representations is to show the
modes of symmetry.
The pressure distribution of a node and element based surface interaction is represented
in figure 3.3. We can see, that the distribution is fully homogeneous which means that
all of the nodes have the same pressure value. This kind of distribution is observed
for all of simulations of the V01 series where interaction of node and element based
surfaces takes place.
Figure 3.4 shows a distribution symmetry in two axes. This is a special case and occurs
when the position of the elements on both surfaces coincide. This distribution was only
observed when the upper surface was positioned centrally.
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Figure 3.3: Homogeneous distribution (Simulation V01 2)
Figure 3.4: Two-axis symmetry (Simulation V02 2)
When element based surfaces are in contact and the formulation is set to be balanced,
the distribution tends to be extremely influenced. Figure 3.5 shows a distribution which
is symmetric only over one surface diagonal. Additionally the values on this diagonal
are highly scattered. This kind of distribution could be very problematic regarding the
redundant in-plane moments.
Figure 3.5: One-axis symmetry (Simulation V02 5)
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The effects of mesh refinement are unexpected, because the finer meshing negatively
influences the pressure distribution. One of the pressure distributions with fine mesh
is presented in figure 3.6. We can see, that the middle of the surface does offer correct
pressure values, but the values on surface edges are completely unsymmetrical. This
asymmetry is also present at one of the V03 series models. Because this could poten-
tially be a source of errors for friction simulations we have to find out with which of
the contact interaction methods the errors can be minimised.
Figure 3.6: Asymmetric distribution (Simulation V03 6)
The last of the distribution varieties is shown in the figure 3.7. A perfect symmetry
is achieved with this simulation. Although the values of the surface pressure are also
scattered in the middle of the surface the deviation from the average value is far lower
than with the other simulations. A direct comparison of contact formulation effect can
be made by observing the figures 3.7 and 3.5. The simulation models behind these two
distributions are exactly the same with exemption of contact formulation.
Figure 3.7: Symmetric, inhomogeneous distribution (Simulation V03 5)
A presentation of pressure distribution data is offered in figure 3.8. Since the simu-
lations with node-based surface interactions completely correspond with the theory,
there is no need to include them in the graphical presentation. For each of the other
simulations, the average value is presented with a blue column including the standard
deviation. For comparison, the theoretical pressure value is depicted as well.
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Figure 3.8: Graphical presentation of average pressure values and standard deviation
The algorithm of the friction user subroutine (M2) is developed to only influence the FE
calculations when a relative sliding motion is determined between the contact surfaces.
This means, that the use of user subroutine should not have any effects on the contact
pressure values and distribution for the mentioned simulations. We have therefore
repeated the simulations presented above while including the user subroutine to confirm
this idea. No discrepancy between the simulations with and without the subroutine
inclusion have been detected. This leads to conclusion, that the contact pressure
function has identical properties for both of the models. The only difference in the
definition of the friction forces can therefore come from the friction models themselves.
Since the results are identical, the representation will not be included in the thesis.
3.1.3. Verification of general friction
In the previous section we showed, that the pressure distribution on the contact surface
area is neither homogeneous nor symmetric when element-based surface definition is
used. Nevertheless, we will retain the element based surface definition while adding
tangential behaviour to the interaction model in order to simulate a general case of
isotropic friction. There are two reasons why further development is reasonable despite
the noticeably false pressure distribution.
First of all, the node-based surface interaction which offers continuous results has severe
modelling limitations. Node-based surface definition can only be used as slave surfaces
and require the use of surface area factor which assigns a virtual value of surface
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area to a single node in contact. This method is too complicated to be used in large
models with several layers and complex geometries which is the case at preforming
simulations. Another disadvantage of node-based surfaces is the disability to model
edge-to-edge contact. The use of element-to-element interaction for our simulations is
therefore inevitable and has to be further developed. Moreover, the incorrect pressure
distribution phenomenon has been reported to Simulia’s developers who acknowledged
the error and reassured us that the frictional behaviour should not be influenced by the
false pressure distribution. According to user-support, the problem lies in the solver
algorithm and not the contact pressure model.
Regardless of the drawbacks mentioned above that come with node-based surface mo-
delling, this modelling approach still yields perfect pressure distribution results. We
will therefore still include this modelling approach in the simulation bundle to gain
control results. Similarly the combination of element-to-element surface interaction
and balanced master-slave model (V02 series) will also be brought in the second simu-
lation round despite the worst performance in pressure distribution. The reason lies in
the difficulties of pure master-slave formulation at the surface edges that have already
been mentioned that could be avoided with balanced master-slave formulation.
To evaluate the effects of the pressure distribution anomaly on the friction modelling
we run another simple simulation, this time with added tangential behaviour. A very
similar model to the ones from the section reference] is set-up. The only geometrical
change is that the bottom surface is expanded in one direction and the position of
the smaller surface is set in one of the surface corners. This positioning enables the
movement in both in-plane direction without the smaller surface sliding of the endless
one.
The difference in the contact interface model lies in an additional surface interaction
function that accounts for friction stresses as described in section 2.3.2.. The frictional
behaviour is isotropic and the coefficient of friction is set to µ = 0, 5. The definition of
frictional behaviour for the integrated friction model is very simple. A single command
line in the input file already enables the Coulomb friction dependency. The definition
of isotropic friction for the user subroutine friction model is done through the user
subroutine interface file. The values of transversal friction coefficient µ⊥ are set to
zero and the values for longitudinal friction coefficient are all set to above mentioned
µ⊥ = 0, 5.
The simulation starts with compaction step with the same parameters as described in
the previous section. After the normal-direction load is applied, the smaller surface
is pulled on the rigid body reference point to enforce sliding movement. The rigid
body connection assures, that no out-of-plane moments are applied on the surface and
that no deformation of surface elements takes place thus assuring only evaluation of
the frictional model. After two seconds of linear movement in y-direction, a velocity
component in x-direction is added. This enforces a movement in a general in-plane di-
rection. Another feature of the added velocity component is that the relative position
of elements in x-direction is changed during the simulation process. This effect corre-
sponds to the shifted position of the smaller surface in the simulations of the section
3.1.2.. In this way we can figure out whether changing the element arrangements lead
to errors in calculations of friction.
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Once again measures, of simulation quality are set. According to theory, the magnitude
of frictional force should stay the same if the sliding direction or velocity magnitude
are changed because the frictional force only depends on the contact pressure and the
specified frictional coefficient. We are therefore expecting a constant frictional force
magnitude even with the addition of another velocity component. The value of friction
force magnitude will be extracted from the simulation and compared to the theoretical
value. Any discrepancies from the theory will be mentioned and commented on.
The second quality measure will be the value of in-plane rotational moment (z-axis)
on the smaller surface. According to theory, the sliding surface should only have
translational displacement components regardless of the sliding direction. Since the
pressure distribution has proven to be inaccurate, it is expected that the local frictional
force is higher in the regions of peak pressure values. Inhomogeneous distribution of
frictional forces would lead to in-plane rotational moments which does not correspond
to conditions in reality. For mechanically correct frictional simulations we want to
make sure, that the eventual rotational effect on the surface is avoided or at least
minimised. For this purpose the in-plane rotational degree of freedom is disabled on
the rigid body reference point in order to measure the resultant rotational moment of
the smaller surface.
The simulation plan is devised, based on the findings from the previous section. The
number of simulation models is reduced to 6. The variable of surface area has been
removed and the element size will only be varied between 1mm and 3mm. The vari-
able of relative surface position is also eliminated since relative displacement between
surfaces will occur during the sliding process. All of the models consist of surfaces with
identical geometry and modelling parameters. An overview of variables is presented in
the simulation plan in table 3.2
Table 3.2: Isotropic friction verification simulations








pure master slave element-based
VF03 2 1
Results of friction verification
Once again, the results of verification simulations are presented right after their spe-
cification in order to actively gain insights and comment on findings that formulate
consecutive simulations. First, the contact pressure distribution is qualitatively asses-
sed based on the values of contact pressure field output at various time-steps in the
simulation. Next, the value of friction force magnitude is compared for all of the si-
mulations in order to determine the validity of the simulation. Finally,the problematic
of rotational effects as a result of poor contact pressure distribution is addressed and
commented on.
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First we look at the contact pressure distribution during the simulation process. In
the verification simulations, we have already seen that some combinations of surface
modelling and contact formulation yield better pressure distributions than others. For
the friction verification simulations, we look at the contact pressure distribution during
the simulation on a qualitative level. Figures 3.9 to 3.13 show a field output of contact
pressure for three time-steps in the simulation. Variable CPRESS presents the value
of contact pressure on the surfaces. The beginning of sliding motion is depicted on the
left side, followed by positioning representing time-step after the addition of second
velocity component in the middle and situation just before the end of simulation at
the right side.
Figure 3.9: Contact pressure distribution VF01 1
Figure 3.9 depicts simulation with node based surface. As expected the pressure dis-
tribution for node-based surface definition does not show any fluctuations or changes
during the simulation. We have already explained why this kind of surface definition
cannot be used for the complex preforming simulations. Nevertheless, these simulati-
ons are helpful for comparison reasons as the contact pressure values correspond very
well with the theory. The second model where smaller finite elements are used, will
not be displayed since it yields exactly the same results only with finer discretisation.
Figure 3.10: Contact pressure distribution VF02 1
The static simulations have already shown, that modelling approaches with element-
based surfaces and balanced master-slave contact algorithm lead to poor quality pres-
sure distributions. The same problem is also observed when the simulations include
44
SIMULATION OF ANISOTROPIC FRICTION
Figure 3.11: Contact pressure distribution VF02 2
frictional behaviour as shown in figures below. We can see high pressure peaks that
occur irregularly on the contact surface. The changes of the pressure distribution can
be explained by the fact, that relative positioning of surface elements changes constan-
tly during the simulation. This affects the pressure distribution so that inhomogeneous
pressure points move across the contact surface. Once again, we expect this pheno-
menon to have significant effects on the residual rotational moments of the surfaces.
Since the sliding motion is linear and the movement in the simulation is at least a
magnitude higher than the elements size, several cases of identical relative positioning
of the elements during the simulation should occur. It is therefore expected, that the
fluctuation effects of contact pressure should have a distinct pattern. This pattern will
be presented later on the example of rotational moment. Comparing the figures 3.10
and 3.11 that show the same simulation in two different discretisation levels, it seems,
that finer discretisation benefits the pressure distribution homogeneity. The peak pres-
sure values are lower and a much larger surface fraction seems to have homogeneous
pressure distribution. Although finer discretisation is a legitimate way to improve si-
mulation quality it can soon meet limits in automated thickness reduction if element
size falls under the value of material thickness. Another big limit are simulation costs
that can increase significantly when discretisation is lowered excessively.
We continue with simulations where pure master-slave formulation is used. Looking at
figures 3.12 and 3.13, we can see, that the pressure distribution remains inhomogeneous,
however very symmetrical. Moreover, if we compare figure 3.12 and figure 3.7 the
pressure distribution not only retains the symmetry quality but the same pressure
values as well. This shows that the inclusion of friction models does not intertwine
with the contact interaction in surface normal direction.
There is an interesting effect of discretisation refinement that can be observed by
comparing figures 3.12 and 3.13. We can see, that the pressure distribution tends to
be better with a coarser rather than finer mesh parameters. Although the distribution
symmetry remains for both simulations, the error of peak pressure values is greater
in simulation VF03 2. We can associate this phenomenon with the fact, that only
one set of nodes is used to calculate the pressure values in case of pure master-slave
formulation. Since there is no balancing effect of the surface pair nodes, pressure values
within smaller elements cannot be averaged efficiently and therefore yield higher peak
values. The element size will be additionally addressed with following result comments.
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Figure 3.12: Contact pressure distribution VF03 1
Figure 3.13: Contact pressure distribution VF03 2
One of the main quality and verification measures is the steadiness of friction force
magnitude during the simulation. The following charts depict values of forces as a
result of pure contact interaction over the simulation time-line. The value of force-
load applied in the surface-normal direction Fn is depicted in orange, friction force
magnitude FFmag in green and the separate friction force components FFx and FFy are
presented in red and blue respectively. The force values are a total sum of contact forces
over the interaction surface. In another words, the Abaqus algorithm integrates the
stress values across the interface surface and yields a total force value. The variables are
extracted through output variable indexes CFS, CFN and CFSM which are specified
in Abaqus output definition. See Abaqus Documentation, section ”Abaqus/Explicit
Output Variable Index”for further information. [4]
A simple but important check of the friction forces has been performed. The friction
force values as the effect of the contact interaction have been compared to the reaction
forces on the reference point of the smaller surface. We found out that the values
of reaction forces correspond to the friction forces perfectly. This leads to conclusion
that we actually managed to include only the effects of contact interaction model, thus
excluding the material behaviour.
The results have shown, that all of the simulations correctly model trend and tendency
of contact interaction forces with some minor differences. The spikes that can be seen in
the charts correspond with the time-points of a new dynamic load inclusion. This effect
is normal and can be effectively reduced through the contact damping parameter. [4]
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Yet again, the simulations from the VF02 series yield results of the lowest quality with
plenty of numerical noise in the values of friction forces - see figure 3.15. Despite the
fluctuations, the average values of friction forces still correspond with the vectorial
distribution according to the sliding direction. The simulations of VF01 and VF03
series are presented in figures 3.14 and 3.16. We can observe better friction force trend
with very little fluctuations. From this observations we can assume, that the VF01
and VF03 series will be far less prone to unbalanced force distribution that could lead
to incorrect residual moments.
Figure 3.14: Contact interaction force values VF01
Figure 3.15: Contact interaction force values VF02
The charts on the right side of the figures represent the simulations with finer discreti-
sation. Once again we can see a somewhat diminishing effect of the finer discretisation.
In case of VF02 simulation the number of peak force values increase, because the speci-
fic relative positioning of surface elements occur more often because of the finer mesh.
Another effect, that can be seen for all three simulation variants is the increase in the
force spike at the addition of a new velocity component for the simulations with finer
discretisation. These negative features have to be addressed especially for the simula-
tions of complex surfaces, where finer discretisation will be critical in order to model
the surface curvatures and geometry.
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Figure 3.16: Contact interaction force values VF03
Moving on to the observations of the residual in-plane rotational moment that effect
the free moving smaller surface. The moment values for all of the simulations are
depicted in figure 3.17. We can see, that the series VF02 simulations have actually
turned out to be problematic with respect to the moment effects. The values that
have been extracted from the simulation are too high to be neglected and high enough
to seriously influence the surface orientation and final position in the simulation. Yet
again the combination of element based surfaces and balanced master-slave formulation
wind up to be the inappropriate for friction simulations.
Figure 3.17: Residual in-plane rotational moment
In order to evaluate the differences between the other two modelling approaches we
compare the values of residual moments for each of the discretisation levels separately.
Figure 3.18 shows both of the remaining comparisons. The simulations of VF03 series
seem to be more influenced by the residual moments than the VF01 series. However
the magnitude scale for all of these values lies under 10−12Nmm which can only be
evaluated as numerical noise and does not have any effects on the simulation process
in the engineering field of view. We therefore conclude, that there are no quality
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differences between VF01 and VF03 simulation series with respect to the influence of
pressure distribution on the occurrence of residual moments.
Figure 3.18: Comparison of residual in-plane rotational moment
3.2. Integrated anisotropic friction model (M1)
3.2.1. Test simulations
Similar to the verification simulations in the previous section, some test models have
been run to verify the theory and to evaluate performance of the integrated anisotropic
friction model. For this purpose, let us consider a hypothetical friction coefficient dis-
tribution for two surfaces with identical anisotropic friction characteristics. According
to the elliptical friction model we have to combine the friction distribution ellipses in
order to form a new ellipse that defines the contact interaction for a specific mate-
rial orientation. The values of friction coefficient parameters for the purpose of test
simulations are µ1 = 1 and µ2 = 0.5.
These tests will all be performed with models of same geometry, mesh size, surface
interaction and contact formulation. Upon the findings from the verification process,
we have decided to use the pure master-slave contact formulation with element-to-
element surface interaction. The anisotropic friction parameters will be the same for
both of the surfaces. The only two variables in this simulation series will be the
relative orientation between the surfaces and the direction of the enforced movement.
The simulation plan presented in table 3.3 includes definition of material orientations
and sliding directions. The theoretical values of friction coefficients according to the
elliptical friction distribution are stated. If the simulations are built-up correctly, we
should obtain friction forces in exactly the same relations as the friction coefficients.
Apart from the magnitudes of tangential and transversal friction coefficients, we also
want to test the direction of transversal friction forces. For this purpose, the movement
of the smaller surface will be carried out in two linear movements as shown in figure
3.19.
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Figure 3.19: Sliding movement representation
The results of the test simulations are presented in following charts. In first of the
simulations we want to make sure, that the specified friction values are indeed imple-
mented in the friction model. The surfaces are therefore slid over each other in both of
the principal directions. Additionally a sliding movement at 45◦angle is enforced in or-
der to test the process of friction coefficient calculations. In table 3.3 the theoretically
calculated friction coefficients are presented to be compared with the values of friction
forces in the result charts.















VM1 0 0 1
0◦/0◦
0◦ 0,5 0
VM1 0 0 2 90◦ 1 0
VM1 0 0 3 45◦ 0,791 0,474
VM1 0 90 1
0◦/90◦
0◦ 0,75 0
VM1 0 90 2 90◦ 0,75 0
VM1 0 90 3 45◦ 0,75 0
VM1 0 45 1
0◦/45◦
0◦ 0,673 -0,294
VM1 0 45 2 90◦ 0,884 -0,212
VM1 0 45 3 45◦ 0,673 0,294
Looking at the friction force values in figure 3.20 we can see, that the friction forces
correspond to the theoretical values of friction coefficients from table 3.3. No transver-
sal forces have been determined when moving along or directly transversal to the fibre
direction. This corresponds with the theoretical friction values and also to the theo-
retical definitions of anisotropic friction as these sliding direction lie on the principal
axes of the contact surface ellipse.
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Figure 3.20: Comparison of friction forces for 0◦/0◦ orientation
In figure 3.21 we can see, that no transversal friction forces have been determined. This
effect comes from the combination of both of the surface ellipses. The combined contact
ellipse in case of 0◦/90◦orientation actually becomes a circle. A circular distribution
equals isotropic friction behaviour, which is very nicely presented in the chart where
only tangential friction forces of equal magnitudes are present for any of the given
sliding directions.
Figure 3.21: Comparison of friction forces for 0◦/90◦ orientation
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In the last of the simulation series presented in figure 3.22, we evaluate the symmetry of
transversal friction forces. We want to confirm, that a symmetrical surface orientation
will also yield symmetrical values of transversal friction forces. On the example of
VM 0 45 1 and VM 0 45 3 we can see, that the values of transversal friction forces
indeed are the same magnitudes however and opposite values. We can see, that a
movement on the same straight line, however in an opposite direction yields opposite
transversal friction forces. With that, we have confirmed the symmetrical effects of the
anisotropic friction.
Figure 3.22: Comparison of friction forces for 0◦/45◦ orientation
3.2.2. Analytical case study
In order to asses the ability of the anisotropic friction theory M1 to simulate the carbon
fibre friction behaviour, a simple analytical case study is performed and compared to
the experimental data on anisotropic friction, presented in table 2.3. We will try to
model the friction coefficient value distribution with the elliptical model M1. For this
purpose, we have to define principle friction coefficients for a single surface, namely
longitudinal and transversal to the fibre direction. The value of longitudinal friction
coefficient is chosen from the table 2.3 and lies at µsurf∥ = 0, 71. We also have the
experimental data for the surface orientations of 0◦/90◦for which the average coefficient
values isµ0◦/90◦ = 0, 59. According to the theory, this value is an average of longitudi-
nal and transversal friction coefficient. We can therefore easily define the transversal
friction coefficient of a single surface as µsurf⊥ = 0, 47. A lower transversal friction
coefficient does not correspond with real conditions, however with these values of prin-
ciple friction coefficients, we are guaranteed to model the boundary values of friction
distribution correctly. We want to see, if the elliptical distribution is appropriate to
replicate the experimental results for the whole distribution field between the boun-
dary values. Theoretical friction coefficient values according to the idealised M1 model,
compared to the experimental data are shown in figures 3.23 and 3.24.
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We can determine, that the distribution trend for tangential friction does not corre-
spond with experimental results. The elliptical function is monotonously decreasing
in this field of angle orientation and cannot model lower friction coefficient at the
0◦/60◦orientation.
Figure 3.23: Tangential friction coefficient - experiment vs. ideal M1 model
The faulty distribution and friction values continues with the transversal friction co-
efficient as well. The elliptical distribution assigns transversal friction coefficient values
that are a whole magnitude higher than the ones determined in experiments.
Figure 3.24: Transversal friction coefficient - experiment vs. ideal M1 model
We also have to address the value of transversal friction coefficient variable µsurf⊥ that
we have determined above for the 0◦/90◦orientation. The controversy of a friction co-
efficient, that is smaller in the transversal direction of fibres was only accepted in order
to compare the distribution trends. In real friction conditions, the µsurf⊥ would have
to be of much higher values than the friction coefficient µsurf∥. As an approximation
the relation µsurf⊥ = 2 ·µsurf∥ can be used. The elliptical distribution of friction coeffi-
cient values for the particular case of µsurf∥ = 0, 71 and µsurf⊥ = 1, 42 compared to the
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experimental values are presented in figure 3.25. We can see that with a realistically
defined transversal friction coefficient, the elliptical model completely fails to model
anisotropic friction effects of our engineering problem.
Figure 3.25: Friction coefficients - experiment vs. realistic M1 model
3.3. User subroutine anisotropic friction model (M2)
3.3.1. Test simulations
The goal of the user defined subroutine is enabling any kind of friction coefficient
distributions. For the purpose of validation, we will try to replicate the results of
the anisotropic friction model M1 which has been proven to work properly both in
magnitude and direction aspect of anisotropy. The simulation plan is exactly the same
as with the model M1. Because the definition of friction coefficients is different for
the user subroutine we have adapted the table to be conform with the subroutine
interaction file.
Figure 3.26 presents friction force distribution over simulation time for simulations
with M1 and M2 friction model. We can see, that the results of the M1 and M2 model
coincide almost perfectly, with some minor exceptions at the point of sliding direction
change. We have compared results from other simulations of the VM1 and VM2 series
and no discrepancies in force magnitude or numerical quality of results has been obser-
ved. The representation of other simulation combinations will therefore be excluded
to avoid repetitive figures. We have proven, that the M2 friction model includes all of
the functionalities of the integrated M1 model and can reproduce anisotropic friction
effects correctly. Since the definition of friction coefficient variables is not limited by
assumptive distribution models, the user subroutine model allows for a very general
description of anisotropic friction.
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VM2 0 0 1 0◦/0◦ 0,5 0
VM2 0 0 2 90◦/90◦ 1 0
VM2 0 0 3 135◦/135◦ 0,791 0,474
VM2 0 90 1 0◦/90◦ 0,75 0
VM2 0 90 2 90◦/0◦ 0,75 0
VM2 0 90 3 45◦/45◦ 0,75 0
VM2 0 45 1 0◦/45◦ 0,673 -0,294
VM2 0 45 2 90◦/45◦ 0,884 -0,212
VM2 0 45 3 45◦/0◦ 0,673 0,294
Figure 3.26: Comparison of friction forces
3.3.2. Experimental set-up
The main goal of the user subroutine modelling is to enable implementation of expe-
rimental results into the simulation. One way to test this process is to replicate the
experiments themselves with an abstracted version of experimental set-up. In order to
evaluate the modelling possibilities of the subroutine we will try to replicate the process
of measuring friction on the experimental set-up. The experimental set-up consists of a
fixing table on which a larger piece of carbon fibre material is placed. The fibres in this
material layer have to oriented in the sliding direction. A pulley which has a clamped
piece of the same carbon fibre material is placed on the base surface and pulled along a
transversal probe. The force on the pulley is measured as the longitudinal friction force
and the force on the side-probe as the transversal force. The surface normal load can
be varied as well as the sliding velocity and orientation of the smaller surface clamped
in the pulley.
A simulation model is built-up in the same way as in the verification simulations.
The smaller surface represents the carbon fibre material on the pulley and the larger
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surface represents the base material on the fixing table. Surfaces are modelled as rigid
yet again, because the surfaces on the experimental set-up are effectively clamped in
order to prevent material deformation. The dimensions of the surfaces as well as the
load parameters are set equal to the experimental set-up.
Raw data from one of the experimental series is going to be compared to the simulation
data in order to evaluate the abilities of user subroutine. Because we have seen, that the
interpolation in the subroutine does not function properly, we will choose an orientation
for which the friction coefficients do not need interpolation values. The values of friction
coefficient are the average values of dynamic friction coefficients measured from the
same experimental series that will be used for comparison later on.
Figure 3.27 shows comparison of simulation and experimental data. The graphical
functions have been shifted in the time-axis to find a common starting point. Otherwise,
the data has not been modified. Since friction coefficient values for the simulation
come directly from the experimental data used for comparison we were expecting the
friction values to somewhat coincide. We can see, that the friction force components
are represented in correct magnitude field and acting direction as well. The noisy data
from the friction measurements is a normal phenomenon, that is increased because of
the specific characteristic of material. Although the fibres are clamped, the area in
the middle of the surface still allows movement in some extent. The interaction of
fibres between the surfaces in form of twisting, deformation and intertwining leads to
nosy force distribution in form of force peaks for both tangential as well as transversal
friction forces.
Figure 3.27: Comparison of experimental and simulation data series
The experimental data shows a slight increase of longitudinal friction force over time.
The reason for that may lie in wear phenomenon, temperature rise through energy
dissipation, fibre nesting or fibre deformation, possibly also due to poor clamping. If the
reason for friction force increase is the result of friction phenomenon and not an error, a
variable dependency of friction coefficient on the deciding variable (temperature, wear,
dissipation) could be implemented to simulate the trend.
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4. Summary and results
To sum up the results of verification simulations we have to evaluate all of the steps
in the process of model development. In order to verify the contact interaction in
surface-normal direction (contact pressure), simulations with four variables have been
performed. We have discovered major differences in pressure distribution for diffe-
rent combinations of surface interaction and contact formulation algorithms. The best
pressure distribution has been observed at simulations with node-to-element surface
interaction, however this interaction form lacks the simulation possibilities for broader
implementation. For the element-to-element surface interaction we have tested two
contact formulation algorithms. Balanced master-slave algorithm has shown severe
errors in pressure distribution although it is generally the standard choice in Abaqus.
Pure master-slave formulation yields better pressure distribution that can be accepted
within the engineering error tolerance. The element size has been varied to test the
effects of discretisation level. We found out, that discretisation mildly influences the
results with somewhat surprising effects of higher result dispersion in case of finer di-
scretisation for some simulations. With the relative positioning of surfaces as the last
of the variables, we tested the effects of non-symmetrical positioning of surface finite
elements. Series V01 and V03 have been only slightly affected by the shifted position
whereas the V02 simulation series has yet again showed severe errors.
The verification of isotropic friction effects has shown very promising results with re-
spect to the friction force values. All of the modelling approaches have modelled correct
friction values although some numerical noise has been included in the VF02 series.
The observations made on the topic of pressure distribution have not changed despite
the inclusion of friction model. Looking at the effect of faulty pressure distribution on
the friction behaviour, we observed the in-plane rotational moment. For the VF01 and
VF03 series the residual rotational moment lies beneath the magnitude field applica-
ble for engineering purposes. The VF02 series however is highly affected by the false
moment equilibrium. Disretisation has also been addressed in this step and once again
the finer discretisation brought negative effects in form of higher peak forces at points
of dynamic changes.
Based on the observations of verification results, we have derived the most appropriate
of the modelling approaches for our type of friction simulations. The element-to-
element surface interaction in combination with pure master-slave contact formulation
is the best compromise of result precision and modelling possibilities. Attention is
advised for the simulation cases where slave surface edges could slide of the master
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surface. Since finer discretisation rather yields drawbacks than advantages and since
we are only dealing with plane surfaces in our simulations we will continue with coarser
of the meshes. For all of the further simulations the simulation model from the VF03 1
series is adapted to include anisotropic friction effects.
Continuing with the anisotropic friction models, we first look at the simulations per-
formed with the M1 friction model. We have found out, that the anisotropic friction
model corresponds to the theoretical descriptions. The theoretically calculated values
of friction coefficients reflect in the relations of friction forces extracted from the si-
mulation perfectly. Moreover, the friction force directions are modelled correctly thus
assuring the symmetrical conditions of movement in opposite sliding directions. The
functionalities of friction force model M1 has been confirmed in that aspect.
Through a comparison with experimental data, the elliptical friction force distribution
has been found incapable of replicating anisotropy conditions for carbon fibre friction.
The elliptical function can only model monotonously increasing or decreasing trend for
a 0◦to 90◦angle orientation while the experimental data shows more complex relations.
Additionally, the trend of friction coefficient distribution cannot be met if the principal
friction coefficients are defined according to theoretical values. A possible solution
to meet the friction trend distribution might be to overlap two elliptical anisotropic
functions. This technique however is not used and tested in the scope of this thesis.
Analogous to the testing of M1 friction model, the user subroutine has undergone the
same simulation models. Using the same friction coefficients, we have gained very
similar results, with some local numerically bound differences in case of M2 model,
that do not have any influence on the simulation process. With this comparison, we
can say, that the user subroutine functions as well as the integrated friction model if
the material orientation and sliding direction coincide with the data specified in the
user subroutine interface file.
The simulation of a orientation case where interpolation of defined friction coefficients
is needed did not offer correct friction force values. We therefore have to conclude,
that the interpolation algorithm of the user subroutine has to be further developed
and tested in order to assure the functioning of the subroutine over the whole plane
contact domain.
At last, the experimental series data has been compared to the simulation series data for
a simplified simulation of experimental process. The average friction coefficient value
from the experimental series has been input in the user subroutine and the values of
friction forces over time have been compared to each other. The simulation correctly
models averaged values of friction forces. In the experimental data, a slight increase in
friction force over time can be observed which for now, cannot be modelled with the
user subroutine. The source of this friction force increase should be determined and
the user subroutine expanded to include this phenomenon if required.
58
5. Conclusion
Throughout the development process of an anisotropic friction model implementation
in the Abaqus FEM solver we have performed simulations on the very basic level to
assure functionalities of the contact interaction models. Simulations have been carried
out on planar surfaces with rigid-body characteristics in order to only evaluate the
contact interaction model. During the research process, we gradually expanded the
simulation models by going through the following steps:
1. Verification and parameter study of basic contact interaction models in Abaqus
environment, including contact properties in surface-normal direction and isotro-
pic friction
2. Selection of the most appropriate modelling technique regarding contact formu-
lation and surface interaction algorithm
3. Testing of integrated friction model M1
4. Comparison of an elliptical friction distribution model with the experimental
results
5. Testing of the user subroutine model M2
6. Simulation of an experimental measuring process with comparison to the experi-
mental data series
Each of the modelling steps has lead us to following observations and conclusions:
1. Incorrect pressure distribution on the contact surface area has been observed for
some of the contact definition variants
2. The effects of incorrect pressure distribution on the friction behaviour can be
minimised with appropriate contact model selection, however a compromise is
necessary between modelling possibilities and pressure distribution accuracy
3. Integrated friction model M1 corresponds to the theoretical descriptions of the
model and represents anisotropic friction characteristics correctly
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4. The anisotropic friction model M1 cannot describe the actual friction distribution
trend measured experimentally due to low complexity of elliptical function.
5. User defined subroutine can be used to model any kind of friction force distri-
bution. The subroutine has been successfully used to replicate results of the M1
friction model (see point 3.)
6. The results of a user subroutine simulation correspond with the experimental
data series.
Through the research process we have systematically tested the friction modelling capa-
bilities in Abaqus and decided upon the best contact definition method. Functionality
of the user subroutine friction model M2 has been tested and verified based on an
already existing elliptical friction model M1. At this stage of development, the user
subroutine enables simple simulations of anisotropic friction for any directly specified
material orientation.
The modelling of friction anisotropy as an effect of material orientation has been only
partially implemented in the user subroutine. The interpolation algorithm of specified
friction coefficients into a correct friction force distribution has to be further tested,
developed and adapted. In order to validate the user subroutine for the whole orien-
tation field domain further experimental analyses are necessary. The layout of user
subroutine also enables expansion of the existing friction model to include additional
variables such as contact temperature, sliding velocity, cohesion and others. All in
all the subroutine offers a good base to work on with high potential to develop an
all-inclusive anisotropic friction model for simulations of carbon fibre preforming.
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